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This thesis presents nonlinear optical investigations of near-resonant excitonic 
nonlinearity, non-resonant Kerr nonlinearity and two-photon absorption saturation in 
CdS semiconductor nanocrystals which were dissolved in organic solvent or dispersed 
in free-standing polymeric films. 
Firstly, irradiance dependence of excitonic nonlinear absorption in CdS 
nanocrystals dissolved in organic solvent has been studied by using Z-scan method 
with nanosecond laser pulses. We observed the saturable absorption, which can be 
described by a third-order and a fifth-order nonlinear process for both 3.0-nm-sized 
and 2.3-nm-sized CdS nanocrystals. The wavelength dependence of the excitonic 
nonlinear absorption has also been measured near the excitonic transition of 1S(e) – 
1S3/2(h). The experimental results show that the excitonic nonlinear absorption of CdS 
nanocrystals is greatly enhanced with decreasing particle size due to quantum 
confinement effect. Furthermore, a two-level model is proposed to explain both 
irradiance and wavelength dependence of the excitonic nonlinearity successfully.  
Secondly, large and ultrafast non-resonant optical nonlinearities have been 
observed in CdS nanocrystals embedded in free-standing Nafion films by use of 
degenerate pump-probe technique and optical Kerr effect measurement. The CdS 
nanocrystals were synthesized by a technique of ion exchange reaction. The 
determined large magnitude of Reχ(3) and Imχ(3) arise from strong quantum 
confinement effect and high volume fraction. The calculated figures of merit for the 
CdS-doped Nafion film are close to the target value for optical switching applications. 
Furthermore, the observed refractive nonlinearity has a recovery time of ~1 ps, while 
the absorptive nonlinearity is instantaneous. These findings suggest the strong 




Finally, we present on experimental studies of interband two-photon absorption 
saturation in CdS nanocrystals embedded in free-standing Nafion films under intense 
femtosecond laser excitation with 1.6-eV photon energy. The investigation has been 
compared to interband two-photon absorption saturation in bulk CdS under the same 
experimental conditions. By using Z-scan technique the saturation intensity has been 
determined to be 190 GW/cm2 in CdS nanocrystals of 4-nm diameter, which is about 
30 times greater than that in CdS bulk crystal. The two-photon absorption saturation is 
qualitatively explained by a state-filling effect in quantum-confined semiconductor 
nanocrystals and quantitatively described by an inhomogeneously-broadened, saturated 
two-photon absorption model. Additional measurements are performed using 
degenerate transient absorption spectroscopy in order to identify the decay channels of 
excited charge carriers and determine their rates. Furthermore, the phase variation of 
the laser pulses is investigated by closed-aperture Z scan technique on CdS 
nanocrystals. The positive third-order Kerr nonlinearity and negative fifth-order free-
carrier refraction are observed and determined. These results are of interest for 
researchers studying nonlinear optical properties of nanostructure materials and 
developing various nanophotonics applications. 
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1.1. Background  
Nonlinear optics was born in the 1960s after the invention of lasers. Nonlinear 
optical effects have been systematically investigated and exploited in the realization of 
commercial optical devices and in various technological and industrial applications in 
the last two decades. There are many examples for such applications as frequency-
doubled continuous-wave solid-state lasers transforming infrared coherent light into 
green-blue coherent light, optical parametric oscillators, and Kerr-lens mode-locked 
lasers generating femtosecond pulse trains. Various all-optical nonlinear devices 
operating as switches, routers or frequency converters, have been shown to be 
technically feasible, but they are still limited by existing nonlinear materials. At 
present, there are considerable research activities in the field of nonlinear optical 
materials [1.1,1.2]. The goal is to find and develop materials presenting large 
nonlinearities and simultaneously satisfying various technological and economical 
requirements. Searching and designing new materials must be guided by a clear 
understanding of the nonlinear polarization mechanisms and of their relation to the 
structure of the material.  
The nanocomposite materials [1.2], which consist of nanocrystals (NCs) 
embedded in a dielectric matrix, are potentially interesting for nonlinear optical 
applications. The idea is that the cubic optical nonlinearity of the semiconductor 
materials can be enhanced by artificially confining the electrons in regions smaller 
than their natural delocalization length in the bulk. Such structures can be prepared 
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with various techniques. Semiconductor-doped glasses (SDGs) are widely investigated 
[1.3] because of their robustness and the possibility of obtaining crystallites of small 
size with simple fabrication procedures. Those containing CdS1–xSex crystallites are the 
basis for commercially available yellow-to-red optical filters presenting a sharp 
absorption edge at a cut-off wavelength which is adjusted by varying x. Recently, the 
series of optical filters are extended in the near infrared region with glasses including 
CdTe crystallites [1.4-1.6]. In 1983, Jain and Lind [1.7] discovered that SDGs present 
significant nonlinear optical properties, which was relevant to quantum confinement 
effects. Since then, numerous studies have been stimulated. From the viewpoint of 
applications, it is very important to use waveguide structures for achieving the large 
field necessary for nonlinear effects at low input power. In fact, the feasibility of 
performing nonlinear optical signal processing in ion-exchanged SDGs’ waveguides 
has been demonstrated [1.8,1.9]. From a fundamental point of view, SDGs are 
interesting because they represent a simple experimental realization of quantum dots 
(zero-dimensional systems). Detailed reviews of the electronic properties of 
semiconductor NCs were presented by Yoffe [1.10,1.11]. The optical nonlinearities of 
semiconductor NCs were reviewed by Banfi’s group [1.12]. Recently, research on 
semiconductor quantum dots has evolved from fundamental materials science [1.13-
1.17] to nonlinear optical and biological applications [1.18-1.23]. 
 
1.2. Previous Research on Semiconductor Nanocrystals 
1.2.1 Resonant optical nonlinearities in semiconductor NCs 
Because of the remarkable difference in the physical properties compared to 
bulk materials, semiconductor quantum dots have attracted considerable attention due 
to the enhancement of third-order optical nonlinearities [1.4,1.24-1.28]. Semiconductor 
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nanoparticles in polymer matrix are attractive since they can be easily processed and 
fabricated into thin solid films [1.29,1.30], which offers a stable structure and is 
suitable for applications. Similar to SDGs, CdS nanoparticles in polymer Matrix or 
solutions have also received increasing attention for their linear and nonlinear optical 
effects [1.19,1.28,1.31-1.37].  
In 1987, Wang and Mahler [1.38] used 10 nanosecond (ns) laser pulses at 505 
nm to study the nonlinear optical properties of 5-nm-diameter CdS nanoparticles 
doped in organic polymer films. The saturable absorption was observed with laser 
intensities up to 2.5 MW/cm2. They also observed saturated Degenerate Four Wave 
Mixing (DFWM) signals when laser intensities were increased to 2.0 MW/cm2. In 
1988, Hilinski et al. [1.39] reported a picosecond (ps) pump–probe study of 5.5-nm-
sized CdS microcrystallites embedded in polymer films. The volume fraction of the 
semiconductor crystallites in this sample was estimated to be 0.11% by comparing its 
linear absorption coefficient with that of the bulk counterpart. The pump pulse had a 
pulse duration of 30 ps and wavelength of 355 nm. Large negative absorbance changes 
were observed at wavelengths corresponding to photon energies near the band gap. 
They also used 10 ns laser pulse to measure the nonlinear transmission at 480 nm, 
where the bleaching maximum occurred, as a function of the excitation energy. The 
nonlinear absorption coefficient α2 was measured to be –5.3 × 10–5 cm/W at 480 nm. 
Compared to their previous experiment results with 505 nm laser pulses [1.38], the 
saturation intensity was found to be lower at 480 nm. Based on the photoluminescence 
measurements, the known electron-trapping cross section of defects, and the pump-
probe experiment results, Hilinski et al. concluded that the conventional carrier 
density-dependent band-filling mechanism could not account for the data, and the 
absorption bleaching should be attributed to the saturation of the excitonic transition. 
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Two years later, Wang et al. [1.40] studied the optical transient bleaching of 4-nm-
diameter, ammonia-passivated CdS clusters in a polymer by use of nanosecond and 
picosecond pump-probe techniques. The pump intensity used was about 0.2 GW/cm2. 
The transient bleaching spectra differed in different time regimes. Within the initial 30 
ps of the pump laser pulses, the exciton-exciton interaction contributed to the initial 
bleaching and its magnitude was enhanced by surface passivation. On the time scale of 
tens of picoseconds and even longer following the pump pulses, when only trapped 
electron-hole pairs remained after the pump excitation, the bleaching was attributed to 
the interaction between such a trapped electron-hole pair and a bound exciton 
produced by the probe light.  
Yao et al. [1.41] employed DFWM technique to obtain the absolute value of 
the third-order nonlinear optical susceptibility χ(3) in CdS-polymer films at the 
wavelength of 465 nm with 4.5 ns pulses. The sample’s thickness was 10 µm and the 
linear absorption coefficient (α0) was 560 cm-1. The largest value of χ(3) (1.1 × 10–7 esu) 
was obtained by excitonic resonant excitation for the CdS-doped PHEMA film of 
4.0% volume fraction. As for the CdS-doped AS films, they had measured |χ(3)| at 
different concentrations. The |χ(3)| of the sample was 5.0 × 10–10 esu (n2 ≈ 8 × 10–4 
cm2/GW) when α0 was 5.3 cm-1. Furthermore, they also observed the saturation of the 
DFWM signals. Compared with Wang’s result [1.38] that the signal did not saturate 
until the laser intensity increased to 2.5 MW/cm2, their result was 0.01 MW/cm2. The 
discrepancy in the saturation intensity is mainly caused by different pump wavelength. 
For Wang’s research, the pump wavelength was 505 nm, which was in the range of the 
exciton absorption tail of 5.0-nm-sized CdS nanoparticles. For Yao’s study, their 
measurements were performed near the exciton absorption peak of the CdS NCs. 
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In 1996, Klimov et al. [1.42] studied the dynamics of band-edge 
photoluminescence (PL) in CdS NCs dispersed in a glass matrix using the femtosecond 
up-conversion technique. The time-resolved PL spectra exhibited several discrete 
features (three of them are in the energy band gap of NCs), which were not as 
pronounced as that in the cw PL spectrum. The initial stage of PL decay was governed 
by the depopulation of the lowest extended state due to carrier trapping (localization) 
on the time scale of picoseconds. The low-energy bands originating from the extended-
to-localized state transitions exhibited extremely fast buildup dynamics (rise time ~ 
400–700 fs), which was explained by the preexisting occupation of the localized states. 
One year later, Klimov and McBranch [1.43] applied femtosecond nonlinear 
transmission techniques to study mechanisms of optical nonlinearity and ultrafast 
carrier dynamics in 4-nm-raidus CdS NCs over a wide pump intensity range, starting 
from levels where the average number of e-h pairs per NC was less than one to levels 
where nonlinear recombination processes played a significant role. The laser pulse 
duration is 100 fs and the wavelength is 355 nm. They observed a big difference in 
nonlinear optical response at low and high pump intensities, which indicated a change 
in the dominant hole relaxation channel as a result of the nonlinear interactions in the 
system of photon-excited carriers. The analysis of this difference showed that there 
would be an Auger-process-assisted trapping of holes at surface/interface-related states. 
This trapping led to efficient charge separation and the generation of a dc electric field 
that modified the nonlinear optical response in NCs at high pump intensities (100 
GW/cm2). Maly et al. have also observed this Auger process in CdS-doped glass by 
the use of pump-probe and PL up-conversion techniques [1.44-1.46]. Furthermore, the 
quantum-confined Auger recombination in CdSe NCs and CdTe NCs has been 
extensively investigated [1.15,1.47,1.5].  
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In 1998, Schwerzel et al. [1.48] used both of the Z scan and DFWM techniques 
to obtain the nonlinear refraction index (n2) for the PDA film containing thiophenol-
capped CdS NCs at the wavelength of 530 nm with 5 ns, 20 µJ pulses. The sample had 
an average diameter of 3.3 ± 0.9 nm. While the nonlinear refractive index n2 was –3 × 
10–5 cm2/GW for the undoped PDA film, the measured n2 in the CdS-doped PDA film 
was –11 × 10–5 cm2/GW. It should be noted that this was the first report on the direct 
measurement of n2 in CdS NCs. The results from the above experiments showed that 
the surface states of the CdS nanoparticles have important influences on the nonlinear 
optical properties. Jursenas et al. [1.49] conducted an investigation of the transient 
luminescence spectra in highly photon-excited CdS NCs (average radius of 5.4–100 
nm) embedded in glass. Luminescence-intensity kinetics exhibited a distortion that 
was attributed to carrier-temperature-activated nonradiative recombination due to 
multi-phonon emission. The distortion was enhanced with reduced crystallite size 
indicating that the distortion should originate from deep traps with localization barrier 
of 130 meV produced by the photon-modified semiconductor/glass interface.  
In order to evaluate semiconductor-doped films for nonlinear optical 
applications, it is important to measure accurately both the real part and the imaginary 
part of nonlinear susceptibility in a wide wavelength range and to correlate the 
nonlinear optical characterization with the structural characterization. Structural 
characterization is an important topic since accurate values of the average radius and of 
the volume fraction of the NCs are necessary for the interpretation of the optical 
experiments and for assessing the magnitude of the nonlinear susceptibility of the NCs. 
Since semiconductor-doped films present an intrinsic polydispersity in crystallite size, 
various preparation procedures have been proposed and tested to prepare composites 
with a narrow size distribution. The energy of the electronic levels in the confined 
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structure has been the object of extensive experimental and theoretical investigation 
[1.50]. Predictions from the two-band effective-mass approximation (EMA) and from 
more sophisticated models are summarized [1.51,1.52], together with the linear optical 
properties of semiconductor nanoparticles [1.53-1.55]. The trapping [1.42,1.43,1.56] 
and darkening [1.57] are also discussed. Both effects are related to localized energy 
levels which are formed close to the NC-glass interface but are only partially 
understood [1.31,1.58]. By choosing the frequency of the incident radiation near the 
first discrete transition, earlier experiments did show evidence of large nonlinear 
optical properties [1.48,1.33]. In Chapter 3, we investigated the size and spectral 
dependence of excitonic nonlinearity in CdS NCs at near resonance region. Our 
theoretical calculation took into account only the transition from the ground state to the 
one-pair state. The prediction of the two-level model was in good agreement with 
experimental results in the magnitude and dispersion of the excitonic nonlinearity. 
However, besides the saturation of the absorption, one must include possible induced 
absorption from one-pair to two-pair states [1.59], a fact which reduces the magnitude 
of the nonlinear response [1.60]. In addition, it has been shown that a contribution to 
the resonant nonlinear response can also come from the trapped carriers through the 
static Kerr effect [1.60].  
1.2.2 Non-resonant optical nonlinearities in semiconductor NCs 
The resonant third-order optical nonlinearities of the semiconductor NCs are 
much larger than non-resonant nonlinearities. However, compared to non-resonant 
nonlinearities, resonant nonlinearities have large absorption loss and present long 
response times. Thus, the overall figure of merit for devices is not satisfactory. The 
below-bandgap optical nonlinearities of SDGs have been investigated extensively in 
the last ten years [1.61-1.68]. By employing a simple two-band effective mass model, 
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Sheik-Bahae et al. [1.69-1.71] successfully investigated the scaling and dispersion 
properties of electronic Kerr effect n2 and two-photon absorption (2PA) α2 for a wide 
range of bulk semiconductors. However, the dispersion behavior of n2 and α2 in 
semiconductor NCs is still controversial although several research groups have 
attempted to find it out [1.61,1.64,1.65]. 
By utilizing a two-band effective-mass model to provide the transition energies 
and moment matrix elements for calculation of the third-order optical susceptibility, 
χ(3), with classic sum-over-states formula, Cotter et al. [1.61] showed that the real part 
of χ(3) was always negative for ћω /Eg <1, where ћω is the photon energy and Eg the 
band gap. Cotter’s theory was in agreement with their experimental results on SDGs 
with 75 picosecond laser pulses. However, later on, Banfi et al. [1.64] reported 
experimental observation of positive n2 in glasses embedded with CdSxSe1-x  
nanoparticles in the range of 0.45< ћω /Eg <0.8. More recently, Bindra and Kar [1.68] 
employed femtosecond Z-scan technique and directly confirmed the positive n2 in 
CdSxSe1-x-doped glasses. They also demonstrated that the occurrence of two-photon-
generated free-carrier effects in the nonlinear absorption and refraction at very high 
laser intensities or with laser pulses of duration longer than a few picoseconds. The 
observed negative nonlinear refraction was attributed to an effective fifth-order 
nonlinear process resulting from 2PA generated free-carrier effect. In the transparency 
range, the question is whether and how the bound-charge nonlinear refraction and the 
two-photon absorption coefficient are modified by the size of the NCs. Like linear 
absorption, 2PA is expected to peak at well defined frequencies; how many discrete 
resonances can be identified above the 2PA edge depends on the size dispersion of the 
NCs. The 2PA-excited photoluminescence excitation spectroscopy has been used to 
study the first electronic states near the bandgap; the results show the inadequacy of 
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the parabolic valence-band approximation and the necessity to consider valence-band 
mixing. At photon energies well above the 2PA edge, it was suggested by Cotter et al. 
[1.61] that both the magnitude of Im(χ(3)) and the ratio Im(χ(3))/Re(χ(3)) could be 
decreased by the confinement effect. Indeed some experiments reporting large values 
of Re(χ(3)) for some SDGs [1.61, 1.72] confirmed that quantum confinement may play 
an important role in the enhancement of nonlinearities. In our experiments, described 
in Chapter 4, the magnitude of χ(3) in CdS NCs is enhanced two orders compared to 
that of CdS bulk crystal. Furthermore, the ratio of Re(χ(3))/Im(χ(3)) is increased one 
order of magnitude, which verified the strong quantum confinement effect in CdS NCs 
at photon energy well above the 2PA edge. Banfi et al. [1.62-1.65] have systematically 
investigated the dependence of the below-bandgap intrinsic nonlinearity on the crystal 
size and on the photon energy by performing the measurements of the real part and 
imaginary part of the nonlinear optical susceptibility on the same samples and the 
measurements of crystal size and volume fraction. These results on SDGs indicate that 
the intrinsic nonlinear susceptibility of the NCs is quite similar to that of the bulk 
semiconductor, which is contradictory to Cotter’s results [1.61]. 
The nonlinear optical effects of other origins in CdS nanoparticles were also 
investigated. By using Z-scan technique with a continuous-wave (cw) Ar+ laser (λ = 
514.5 nm) and a frequency-doubled Nd: YAG laser (repetition rate of 10 Hz and pulse 
duration of 10 ns), Rakovich et al. [1.73] studied the non-resonant nonlinear optical 
properties of CdS NCs embedded in silica and in matrix-free (MF) close-packed films. 
The average nanoparticle size was about 1.6 nm. The highest value of the nonlinear 
refractive index n2 (–1.85 × 10–6 cm2/W) was measured for the MF films. This value 
was several orders higher than those ever reported for CdS NCs embedded into 
different matrices. Thermo-induced nonlinearity was initially suspected to be the 
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origin of this high value. However, after the estimation of the heating under laser 
irradiation, the thermal nature was ruled out. A possible origin is the large local field 
fluctuations in the non-random composite of the sample.  
Oijen et al. [1.32] had obtained continuous-wave two-photon fluorescence 
images of individual CdS NC by use of low-temperature confocal microscopy. These 
CdS NCs had a mean diameter of ~5 nm, containing approximately 103 atoms per NC. 
The CdS NCs were coated with a PVA thin film with a thickness less than 1 nm. The 
fluorescence was obtained by a continuous-wave, two-photon excitation at an 
excitation intensity of 6 MW/cm2 and at the wavelength of 810 nm. The quadratic 
dependence of the emission rate on the applied laser power proved that the observed 
fluorescence should originate from the simultaneous absorption of two photons. From 
the experimental data, the 2PA cross section was determined to be (1.1 ± 0.5) ×10–47 
cm4s photon–1, which was smaller than Schmidt’s results [1.74]. In Schmidt’s research, 
they obtained two-photon fluorescence excitation spectra for the 2.9-nm-diameter 
CdSe NCs with the fluorescence detected at 515 nm and at 5 K. Fitted with a 
spherically confined effective-mass model, the 2PA cross section was calculated to be 
~ 5 × 10–46 cm4s photon–1. Recently, Chon et al. [1.28] reported on three-photon 
excited band edge and trap emission of CdS NCs. The two- (770–890 nm) and three-
photon (900-1000 nm) action cross sections of CdS NCs were measured and the 
absolute 2PA cross section was calculated to be ~ 10–47 cm4s photon–1 at 810 nm, 
which is in good agreement with Oijen’s result. 
Although other groups had observed DFWM signals [1.38] and saturable 
absorption (bleaching) near the band gap of the CdS nanoparticles [1.39,1.40], it has 
been noticed that they had not directly measured the α2 and n2, respectively. And the 
relaxation mechanisms of two-photon excited carriers in CdS NCs have not been 
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discussed yet. In addition, the experimental investigation of nonlinear optical effects in 
the composites doped with CdS nanoparticles was mainly focused in the resonant 
region, i.e. the laser photon energy around or higher than the absorption band of the 
sample. The objective of this research work was to use Z-scan technique to directly 
measure the spectrum of nonlinear absorption and refraction at wavelength from 420 to 
500 nm. Furthermore, femtosecond Z-scan, pump–probe and OKE experiments were 
conducted to explore the below-bandgap nonlinearity and ultrafast dynamics of CdS 
NCs at wavelength of 780 nm. Finally, the saturation of 2PA in CdS NCs was 
observed for the first time and compared to that of CdS bulk crystal. The experimental 
results were analyzed and the possible explanations were given to understand the 
intrinsic nonlinear mechanisms. 
 
1.3. Layout of the Thesis 
Chapter 2 introduces experimental techniques and fundamental theories that 
have been used for studying the nonlinear optical effects presented in this thesis. In 
chapter 3, a systematic study on size dependence, wavelength dependence, and 
irradiance dependence of CdS NCs within near-resonant region is shown. Chapter 4 
gives out the results and analysis of photoluminescence, femtosecond pump-probe and 
OKE measurements on a free-standing CdS-doped Nafion film at non-resonant 
wavelengths. In chapter 5, the saturation of 2PA in CdS NCs was observed and 
compared to that of CdS bulk. Our observation is in agreement with an 
inhomogeneously-broadened, saturated 2PA model. All the important experimental 
findings in this thesis are summarized in chapter 6. It also includes the directions for 
future research and the prospects in this research field.  
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Chapter 2 
EXPERIMENTAL TECHNIQUES AND THEORETICAL 
ANALYSIS 
 
2.1. Basic Nonlinear Optics 
According to nonlinear optics, the electric field E(t) of a monochromatic wave 
at angular frequency ω will be written as 
E(t) = 1/2 Eω exp(– iωt) + c.c.    (2.1) 
Similarly, the induced polarization at frequency ω is written as 
P(t) = 1/2 Pω exp (– iωt) + c.c.     (2.2) 
At low laser intensities, one can assume that P depends linearly on E. 
Neglecting anisotropy, the linear optical properties of a given material at frequency ω 
are fully described by the refractive index )(~ ωn  or the relative dielectric constant εr(ω) 
or the susceptibility χ(ω), these quantities being related by εr(ω) = )(~ ωn 2 = 1 + χ. We 
have Pω = ε0χ(ω)Eω where ε0 is the dielectric constant of vacuum.  
2.1.1 Nonlinear susceptibilities 
At sufficiently high laser intensities, the deviation of P from a linear 
dependence on E must be taken into account and the expression for P involves higher-
order terms in E [2.1, 2.2]. For isotropic media, only odd powers of E come into play. 
By writing P as P = P(L) + P(NL) , where P(L) is the linear part and P(NL) is the nonlinear 
part, the series expansion of P can be truncated to the nonlinear term of lowest order 
which is the cubic term. 
The third-order nonlinear polarization P(3) generated by a monochromatic beam 
at frequency ω1 contains two components: one at frequency ω1 with complex 
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amplitude P(3)(ω1) and the other at 3ω1 with complex amplitude P(3)(3ω1). If a second 
laser field with frequency ω2 is also present, P(3) will contain components at all the 
combinations of frequencies, such as ω1 – ω2 + ω2, ω1 + ω1 + ω2 and so on. We give 
below some examples: third-harmonic generation 
P(3)(3ω1) = 1/4 ε0Dχ(3) (ω1, ω1, ω1)E1E1E1;     (2.3) 
frequency mixing  
P(3)(2ω1 – ω2) = 1/4 ε0Dχ(3) (ω1, ω1, – ω2)E12E2*;   (2.4) 
optical Kerr effect 
P(3)(ω2) = 1/4 ε0Dχ(3) (ω1, –ω1, ω2)E1E1*E2,    (2.5) 
Ej is the complex amplitude of the field at frequency ωj, and D is the number of 
different permutations of the frequencies (ωi, ωj, ωk) entering χ(3)(ωi, ωj, ωk). We have 
D = 1 in Eq. (2.3), and D = 3 in Eq. (2.4). In the case of Eq. (2.5), one has D = 3 in the 
degenerate case ω1=ω2, and D = 6 in the non-degenerate case, ω1≠ω2.  
It should be noted that, even for the isotropic media which we are considering 
in this thesis, the quantity χ(3) has a tensorial nature. However, the anisotropy of the 
nonlinear response will be of little or no importance in most of the cases that we are 
going to consider. So we use a scalar notation for the fields and we neglect the 
tensorial nature of χ(3). 
We consider all the possible nonlinear polarizations at various frequencies 
generated in the nonlinear medium. But not all of them necessarily produce a large 
macroscopic effect because of a lack of transparency of the medium or because phase 
matching is not achieved. This can be seen by introducing the nonlinear polarizations 
into Maxwell equations and by solving the propagation equations. The optical Kerr 
effect may be thought of as a field-dependent optical susceptibility. The presence of 
the laser beam at frequency ω1 induces a variation in χ(ω2) which is proportional to the 
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modulus squared of the field E1: 
∆χ(ω2) = 1/4 Dχ(3) (ω1, –ω1, ω2)E1E1*.   (2.6) 
The term “Kerr effect” usually indicates the appearance of birefringence induced by a 
static electric field and proportional to the square of such a field. The optical Kerr 
effect generalizes this to the action of the electric field of a laser beam.  
Usually only the degenerate nonlinear coefficient χ(3)(ω, –ω, ω) is considered 
because it is more easily measured and more relevant to applications. In the case of a 
single field at ω, the Kerr effect produces a ‘self-action’ of the field on itself. If we 
denote by ∆ )(~ ωn  the variation in the refractive index and take into account that P(3) « 
P(L), ∆ )(~ ωn  =∆χ/2n0 can be derived where n0 is the linear index of refraction. The real 
part and imaginary part of ∆ )(~ ωn  give rise to nonlinear refraction and nonlinear 
absorption respectively. Nonlinear refraction is responsible for many nonlinear optical 
phenomena, such as self-focusing, self-phase modulation and soliton propagation. The 
real part of ∆ )(~ ωn  can be expressed as  
Re(∆ )(~ ωn ) = n2I    (2.7) 
where we have introduced the intensity  
I = 1/2 ε0n0c |E|2     (2.8) 
and the real coefficient  
        (2.9) 
0





In the transparency range, i.e. at frequencies below the bandgap, the nonlinear losses 
contributed by Im(χ(3)) are due to 2PA, where the 2PA coefficient α2 is given by 
 








Note that some confusion may arise from the definitions of χ(3) differing by a 
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numerical factor. Hidden in the dispersion of χ(3), there are different physical 
mechanisms that contribute to the third-order nonlinearity. Generally, we can divide 
them into two types. The first type requires real excitations of charge carriers. At 
steady state, the number density Ne-h, of excited carriers is proportional to α0I, with α0 
the linear absorption. Since ∆χ which results from the excited carriers is proportional 
to Ne-h, one has ∆χ proportional to I, and the process can be formally cast into a χ(3) 
mechanism. This is a typical resonant nonlinearity [2.3]. When the frequency ω of the 
field is close to that of an optical transition of the medium, a large optical Kerr effect 
will occur. Its response time is relatively slow (about 0.1-10 ns), which is controlled by 
τr, the decay time of the excited charges. The resonant mechanism does not contribute 
to the nonlinear susceptibility χ(3)(ω, ω, ω) responsible for third-harmonic generation, 
nor does it contribute, whenever ω1 – ω2 » 1/τr, to the amplitude of the frequency 
mixing effect since the population of excited carriers cannot follow the high-frequency 
modulation of the optical intensity. The dispersion is large for a resonant χ(3), which 
requires some consideration when dealing with short pulses. The problem is better 
appreciated in the time domain; whenever the pulse duration τp is shorter than τr, N 
fails to attain its steady-state value. In such a case it can be useful to introduce χ(3)eff, 
the effective susceptibility, which is related to the steady state χ(3) by χ(3)eff ≈ (τp/τr)χ(3). 
The second type of mechanism contributing to χ(3) is non-resonant and it arises from 
the nonlinear motion of bound charges. It has a femtosecond response time, and it is 
then much faster, and usually smaller, than the resonant mechanism. This is called the 
‘fast’ or ‘electronic non-resonant’ third-order nonlinearity. Similarly to the linear case, 
nonlinear refraction is always associated with a nonlinear absorption counterpart which 
occurs in some spectral region. In a semiconductor with energy gap Eg, the third-order 
nonlinear absorption becomes significant when the photon energy ћω of the driving 
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beam is in the range Eg/2 <ћω<Eg, which is a 2PA process. Note that the effects of the 
free charges generated by 2PA are not accounted for by χ(3).  
All the previous definitions and discussion can be generalized to higher-order 
nonlinearities. The fast χ(5) is very small and it is quite difficult to measure it. A slow 
effective χ(5) is produced by the 2PA excited charge carriers. Assuming the change of 
the optical susceptibility ∆χ to be proportional to N, we have, in a steady-state situation, 
N = α2 I2τr/2ћω and then ∆χ proportional to I2. The effect can be regarded as due to a 
degenerate χ(5), with χ(5) proportional to α2στr, where σ = ∆ /N. In the transient regime, 
for τ
n~
p « τr, one also introduces an effective χ(5) which scales accordingly to χ(5)eff ≈ 
(τp/τr)χ(5) proportional to α2στp. The effects of the slow χ(5) can be relevant for photon 
energy in the range Eg/2 <ћω<Eg. In this transparency range, only 2PA can produce 
excited charges. The effects are called free-carrier refraction or free-carrier absorption 
(FCA) for bulk semiconductors. With relatively long pulses of high intensity, free-
carrier effects can be larger than those of χ(3).  
2.1.2 Dielectric confinement  
It is interesting to note that composite materials such as SDGs present 
properties which may be quite different from those of both the constituent materials. 
For instance, a TiO2 matrix doped with gold nanoparticles has a red colour owing to an 
absorption peak in the green [2.4]. Such a peak is due to a local field effect: the field 
Ein inside the nanoparticles is different from the field E in the glass matrix. We call the 
local field factor the ratio f = Ein/E. On the assumption that the nanoparticles are 
spherical and that they occupy a volume fraction fv « 1, f is approximately given by 
[2.5] 
f(ω) = 3ng2/( ( )ω2~ncn  + 2ng2),             (2.11) 
where , usually frequency dependent, is the complex refractive index of the 2~ncn
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material constituting the nanoparticles and ng is the refractive index of the glass matrix. 
Thus, the linear susceptibility, χSDG, of the semiconductor-doped glass can be written 
as  
χSDG =χg + fvf(ω)(χnc – χg),              (2.12) 
where the subscript g refers to the glass matrix and the subscript nc to the 
semiconductor NCs. The expression for the third-order Kerr susceptibility χ(3)SDG of 
the composite material, as derived from Eq. (2.12) is the following [2.6]: 
χ(3)SDG(ω1,– ω1,ω2) = χ(3)g(ω1,– ω1,ω2) + fv f 2(ω2)|f(ω1)|2χ(3)nc(ω1,– ω1,ω2)           (2.13) 
Below the absorption edge of bulk semiconductors, the permittivity is 
approximately frequency independent. However, for nanostructures, discrete 
transitions will appear owing to size quantization. One could then expect a resonant 
behaviour of  and f at the corresponding frequencies. From Eqs. (2.11) and (2.7), 
it is clear that the internal field E
2~
ncn
in depends on , but, because of the optical Kerr 




ncn in. It was pointed out by Leung [2.7] and by Chemla and 
Miller [2.8] that this interplay can lead to multivalued solutions or intrinsic bistability. 
In fact, a re-examination of this suggestion by Ricard et al. [2.9] taking non-local 
effects into account has shown that the conditions required to observe this intrinsic 
bistability are generally out of reach. In the same reference, it was shown that for 
SDGs, even near a resonance, the frequency dependence of  is weak so that it 
may safely be replaced by the high-frequency ε
2~
ncn
∞ in Eq. (2.11). The local field factor 
can then be considered as real and constant.  
2.1.3 The quantum confinement effect in semiconductor NCs 
One of the defining features of a semiconductor is the energy gap, which 
separates the conduction band and the valence band. The wavelength of light emission 
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from a semiconductor material is determined by the width of the energy gap. In bulk 
semiconductors, the gap width is a fixed parameter determined by the material’s 
identity. However, in the case of semiconductor nanoparticles, the situation changes 
when the particle size is smaller than 10 nm. This size range corresponds to the regime 
of quantum confinement, for which the spatial extent of the electron wave function is 
comparable with the particle size. As a result of these “geometrical” constraints, 
electrons “feel” the presence of the particle boundaries and respond to the changes in 
particle size by adjusting their energy. This phenomenon is known as the quantum 
confinement effect, which plays a crucial role in semiconductor NCs. In the first 
approximation, the quantum confinement effect can be described by a simple 
“quantum box” model [2.10, 2.11], in which the electron motion is restricted in all 
three dimensions by impenetrable walls. For a spherical NC with radius R, this model 
predicts that a size-dependent contribution to the energy gap is simply proportional to 
1/R2, implying that the gap increases as the NC size decreases. In addition, quantum 
confinement leads to a collapse of the continuous energy bands of a bulk 
semiconductor into discrete, atomic-like energy levels. The discrete energy states leads 
to a discrete absorption spectrum of NCs, which is in contrast to the continuous 
absorption spectrum of a bulk semiconductor [2.12]. The colloidal NCs discussed 
earlier are small quantum dots that are made by organometallic chemical methods and 
are composed of a semiconductor core capped with a layer of organic molecules [2.13]. 
The organic capping prevents uncontrolled growth and agglomeration of the 
nanoparticles. It also allows NCs to be chemically manipulated as if they were large 
molecules, with solubility and chemical reactivity determined by the identity of the 
organic molecules. The capping also provides “electronic” passivation of NCs, i.e., it 
terminates dangling bonds that remain on the NCs’ surface. As discussed below, the 
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unterminated dangling bonds can affect the NCs’ emission efficiency because they 
lead to a loss mechanism wherein electrons are rapidly trapped at the surface before 
they have a chance to emit photons. Using colloidal chemical synthesis, one can 
prepare NCs with nearly atomic precision with diameters ranging from nanometers to 
tens of nanometers and size dispersion as narrow as 5 percent. Because of the quantum 
confinement effect, the ability to tune the NC size translates into a means of 
controlling NCs’ various properties, such as emission and absorption wavelengths. The 
emission of CdSe NCs, for example, can be tuned from deep red to blue by reduction 
in the dot radius from 20 nm to 0.9 nm. 
 
2.2. Z-Scan Technique 
Many techniques have been employed for the measurement of nonlinear optical 
properties in the last few decades. Nonlinear interferometry [2.14, 2.15], degenerate 
four-wave mixing [2.16], nearly degenerate three-wave mixing [2.17], ellipse rotation 
[2.18], and beam-distortion measurements [2.19] are among them. The first three 
methods are potentially sensitive techniques. But they require a complex experimental 
apparatus and skillful personnel. Beam-distortion measurements, on the other hand, 
demand precise beam scans followed by complicated wave-propagation analysis. 
Z scan technique is based on the transformation of phase distortion to 
amplitude change during beam propagation, which was introduced by a research group 
led by Stryland in 1989 [2.20, 2.21]. For an optical material exhibiting a third-order 
optical nonlinearity, both the sign and magnitude can be determined easily by using 
this technique. The experimental set-up for Z scans is illustrated schematically in Fig. 
2.1. The energy transmittance of the far field aperture is measured as the sample is 
moved along the z direction through the focus of the lens. Hence the method has been 
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referred as Z scan. Compared to other techniques, Z scan provides simplicity and high 
sensitivity. Except for the easy operation, Z scan technique enables one to quickly 
determine both the sign and magnitude of nonlinear refraction and nonlinear 
absorption. Due to these advantages, Z scan technique has been widely utilized as a 
standard tool to characterize various nonlinear optical properties. In recent years, 
scientists have also improved the Z-scan sensitivity with the following modifications: 
EZ scan [2.22], two-color Z scan [2.23, 2.24], Z scan using top-hat beams [2.25], and 
time-resolved Z scan [2.26]. In this chapter, Z-scan and pump-probe techniques as well 
as corresponding experimental apparatus are described in detailed.  
2.2.1 Principle of Z-scan technique 
Developed by Stryland et al. [2.20, 2.21], Z scan allows the characterization of 
third-order nonlinear transparent materials. It is based on the optical Kerr effect, i.e., a 
variation of the refractive index as a function of the incident laser irradiance on the 
sample: n = n0 + n2I, where n, n0, and n2 are the total, linear, and nonlinear refractive 
index respectively and I is the excitation laser intensity within the sample. Herein n2 is 
associated with the 
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real part of the χ(3) in the Taylor development of the material polarizability. A 
Gaussian radial distribution of the incident laser beam (TEM00 mode) induces a 
refractive index modulation inside the sample. Consequently, this modulation involves 
the creation of an induced lens. The principle of the Z scan technique is to move the 
sample along the optical axis in the vicinity of the laser beam focus of an external lens 
and measure the laser energy transmittance as a function of the sample position. For 
each position around the focus, the induced Kerr lens inside the sample possesses 
different focal lengths. This focal length depends on the Gaussian beam profile of the 
incident beam. The sign of n2 determines the vergence of the induced lens, positive or 
negative. For a positive n2 (convergent lens) and a negative sample position (prior to 
the external lens focus), the transmitted beam spot is enlarged at the aperture position 
compared with the case without the sample because the beam converges prior to the 
focus of the external lens. The transmitted energy through the aperture is then 
decreased. On the contrary, for a positive sample position (between the external lens 
focus and the aperture), the transmitted beam spot is reduced at the aperture position 
compared with the case without the sample because the beam defocusing is decreased 
by the induced lens. The aperture transmittance is then increased. When the sample is 
at the external lens focus position (z = 0), the transmitted beam spot at the aperture 
position is the same as the case without the sample. Thus, the obtained position 
dependence of aperture transmittance behave like a valley preceded by a peak. A 
negative n2 results in a reverse behavior with the peak preceded by a valley as is 
illustrated in Fig. 2.2(a). Furthermore, the radius of the aperture is small so that the 
condition of on-axis transmittance is satisfied, simplifying the analysis. 
If only nonlinear absorption is considered, the third-order nonlinear absorption 
can be expressed by α2I [2.27], where α2 is the third-order nonlinear absorption 
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coefficient. With constant incident laser energy, the sample experiences different 
electromagnetic fields and different irradiances (which is proportional to the square of 
the module of electromagnetic field) at different z positions. As illustrated in Fig. 
2.2(b), the energy transmittance varies as a function of z position with a maximum 
change located at z = 0. A typical Z-scan curve shape without the aperture (energy 
transmittance versus the z position) resembles a hill or valley corresponding to a 
negative or positive sign of the nonlinear absorption coefficient, respectively. 
When both nonlinear refraction and nonlinear absorption coexist in one 
material, the Z-scan result becomes the superimposition of a valley (or hill) and a 
sinusoidal curve as depicted in Figs. 2.2(c) and (d). The aperture transmittance as a 
function of the sample position depends on both the magnitude and the sign of n2 and 
α2. 













































































Figure 2.2 Illustration of the normalized Z-scan transmittance curves for (a) pure 
nonlinear refraction: dotted line, n2<0; solid line, n2>0; (b) pure nonlinear absorption: 
dotted line, α2<0; solid line, α2>0; (c) α2>0 with n2<0 (dotted line) and α2>0 with n2>0 
(solid line); (d) α2<0 with n2<0 (dotted line) and α2<0 with n2>0 (solid line). 
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2.2.2 Z-scan data analysis for thin samples 
In a third-order instantaneous nonlinear optical material, the total refractive 
index and total absorption coefficient can be expressed by [2.27, 2.28] 
(2.14) Ι+= 20 nnn
(2.15) Ι+= 20 ααα
where I is the excitation laser intensity within the sample, n0 is the linear refractive 
index, α0 is the linear absorption coefficient, and n2 and α2 are the nonlinear refraction 
index and nonlinear absorption coefficient respectively. As we know, n2 and α2 are 
directly related with the real part, Reχ(3), and the imaginary part, Imχ(3), of the third-
order nonlinear susceptibility χ(3) by Eq. (2.9) and Eq. (2.10), respectively. The 
following discussion is based on third-order nonlinear processes. When this condition 
is not satisfied, the nonlinear refractive index n2 and the nonlinear absorption 
coefficient α2 are referred to effective ones. 
Assuming a TEM00 Gaussian beam with a minimum beam waist ω0 travelling 



































where I00 is the on-axis peak irradiance at focus, r is the radial coordinate, t is the time, 
τp is the pulse duration (half-width at 1/e maximum), λ is the laser wavelength, z0 is the 
diffraction length of the laser beam (i.e. confocal parameter: πω02/λ), ω is the beam 
waist, and ω0 is the minimum beam waist. 
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When the sample thickness L is smaller than the diffraction length of the laser 
beam (L < z0), the slowly varying approximation can be applied. We can then separate 
the wave equation into a pair of simple equations: 
                    (2.19) Ikndz
d = 2'
∆φ
                    (2.20) II
dz
dI
2αα +−= )(' 0
where k is the magnitude of the wave vector in free space, and z' is the propagation 
depth within the sample, which is different from z in Eq. (2.16), the sample position 
with respect to the focal plane. To extract the nonlinear coefficients as expressed in 
Eqs. (2.14) and (2.15), two kinds of Z scans have to be carried out.  
A) Open-aperture Z scans  
Open-aperture Z scan refers to the case when the aperture prior to detector D2 
in Fig.2.1 is removed. This is equivalent to placing detector D2 at the exit surface of 
the sample with the assumption that all the transmitted energy is collected. Integrating 























−−=   (2.23) 
Here the irradiance outside the sample is used after taking Fresnel’s reflections into 
consideration. 
The normalized energy transmittance can be obtained by integrating Eq. (2.21) 
over the space and temporal Gaussian pulse as follows: 




2, rdrtz ee π
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For |q(z, 0, 0)| < 1, the energy transmittance can be expressed as 
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Ignoring the high-order terms, 
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Finally, the normalized energy transmittance in open-aperture Z-scan can be written 
as: 













−Ι−= α (2.29) 
 
Eq. (2.29) quantitatively describes the normalized energy transmittance as a function 
of the sample position, z. Note that all the parameters used in Eq. (2.29) are 
measurable except α2. Therefore, α2 can be extracted by fitting Eq. (2.29) to 
experimental results. 
B) Closed-aperture Z scans 
With an aperture inserted prior to the detector D2 in Fig. 2.1, the phase 
variation will induce the change of energy transmittance through the aperture. Solving 




2 trzqkntrz +=∆ αφ (2.30) 
 
By combining the above equation with Eq. (2.21), the electric field at the exit surface 
of the sample can be derived as  
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At the aperture, the electric field is determined by the Huygens-Fresnel propagation 
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where d is the distance between the aperture and the focal plane. J0(x) is Bessel’s 
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Under the approximation of small refractive and absorption changes, the normalized 
energy transmittance in closed-aperture Z scans can be written as [2.29–2.31]: 
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where x = z/z0, s is the linear transmittance of the aperture, and ωa is the beam waist at 
the aperture position defined by Eq. (2.18). Since α2 has been obtained by the open 
aperture Z scan, the value of n2 is readily derived from numerically fitting of Eq. (2.37) 
to experimental data. Typical Z-scan traces for n2 and α2 with various signs are given 
in Fig. 2.2. From the shape of the closed-aperture Z-scan traces, it is easy to find out 
the sign of the nonlinear refractive index of the sample at a glance.  
After two kinds of Z scans are performed, a simple division of the curves 
(closed/open) gives a curve that closely approximates what would be obtained by a 
closed-aperture Z scan on a material with pure n2 nonlinearity. A useful feature of the 
obtained Z-scan trace is the Z distance between the peak and valley, ∆Zp-v. For a 
closed-aperture Z scan on a third-order nonlinear material, ∆Zp-v is derived from Eq. 
(2.37): 
(2.38) 
071.1 zvp ≅∆Ζ −
 
Being independent of the irradiance, this formula is quite helpful in estimating the 
diffraction length z0 and hence the minimum beam waist ω0. Another useful formula 
derived from Eq. (2.37) is to determine the nonlinear refraction index n2 through the 
transmittance difference, ∆Tp-v, between the peak and the valley in a standard closed 









πφ =∆ (2.40) 
herein, Leff and s are defined in Eq. (2.23) and Eq. (2.36) respectively. 
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2.2.3 Z-scan data analysis including free carrier effect 
The data analysis in the above section does not include the absorption and 
refraction induced by photo-excited free carriers. However, if the input irradiance is 
high (~ 100 GW/cm2 or higher) or longer pulses (picoseconds or nanoseconds) are 
used, the free carrier effect cannot be neglected [2.32, 2.33].  
2.2.4 Our experimental apparatus for Z-scan measurement 
The standard experimental setup for nanosecond Z scans is displayed 
schematically in Fig. 2.3. The optical nonlinearities were measured with full width at 
half maximum (FWHM) 5 ns laser pulses produced by an optical parametric oscillator 
(Spectra Physics MOPO 710). The optical parametric oscillation (OPO) laser pulses 
were delivered at 10 Hz repetition rate, and were focused onto the sample with a 
minimum beam waist (e–2 radius) of 53 µm. The spatial distribution of the pulse was 
nearly Gaussian after passing through a spatial filter composed of two focusing mirrors 
(f = 50 cm) with a 200-µm pinhole at their focus. The pulse was divided by a beam 
splitter into two parts. The reflected part was taken as the reference representing the 
incident pulse energy and the transmitted beam was focused through the sample. Two 
light energy detectors (Laser Precision RjP-735) were used to record the incident and 
transmitted pulse energies simultaneously through the energy radiometer (Laser 
Precision Rm-6600) interfaced with a computer. The sample was mounted on a 
computer-controlled translation stage, facilitating the sample’s movement along the Z 
axis. All the Z-scan measurements were carried out at room temperature. The temporal 
profile of the laser pulse was measured by a fast response photodetector and displayed 
on a Tecktronix 7104 oscilloscope. For closed Z scans, a small aperture (S = ~0.25) 
was placed in front of the energy detector (D2) to select the central part of the laser 
beam.  
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Our experimental setup for femtosecond Z-scan experiments is similar to that 
of nanosecond Z scan. The optical nonlinearities were measured with 780 nm, 1 k Hz, 
FWHM 120 fs laser pulses produced by a Ti:Sapphire regenerative amplifier 
(Quantronix, Titan), which was seeded by an erbium-doped fiber laser (Quantronix, 
IMRA). The spatial distribution of the pulse was nearly Gaussian after passing through 
a spatial filter. Two light power probes (Laser Probe RkP-465 HD) were used to record 
the incident and transmitted laser power simultaneously. As a reference, I measured 
the third-order refractive nonlinearity, n2, of a silica slide and obtained a value of ~ 2.5 
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2.3 Intensity-Dependent Refractive Index 
2.3.1 Background 
A sufficiently intense laser beam can induce a significant change in the 
refractive indices of a medium. The refractive index change in turn affects the beam 
propagation and leads to a new class of nonlinear optical effects characteristically 
different from either optical mixing or nonlinear attenuation. Here, only media with 
inversion symmetry and off-resonance are considered, to avoid complication caused by 
the presence of second-order processes and nonlinear absorption. 
Intense light induced refractive index change is the fundamental process 
involved in several other major nonlinear optical effects, including self-focusing, self-
phase modulation, optical phase conjugation, and optical bistability. From the 
application point of view, the effect of light-induced refractive index change can be 
applied to many novel devices and techniques, such as all-optical switching, real-time 
optical holography, data storage and processing, etc. 
2.3.2 Nonresonant two-wave induced refractive index change 
Under the action of an intense coherent light field, the contribution of nonlinear 
polarization to refractive index can no longer be neglected. Now, consider the 
refractive-index change in an isotropic medium induced by two light beams and 
assume that the two incident monochromatic waves were polarized along the x-axis but 
have different frequencies: E1(ω1)=axE0(ω1); E2(ω2)=axE0(ω2). Polarization 
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For ∆n(ω1), the first term represents the refractive-index change induced by the ω1 
beam itself; the second term represents the coupled refractive-index change induced by 
the ω2 beam. Considering Kleiman’s symmetry, there is  
χe(3)(–ω1; ω1,–ω1,ω1) = χe(3)(–ω1; ω1,–ω2,ω2) 
χe(3)(–ω2; ω2,–ω2,ω2) = χe(3)(–ω2; ω2,–ω1,ω1)= χe(3) = χxxxx(3). 

















2 ωωχωω EEnn e +=∆ 

















ωπφ ∆=Then, the nonlinear phase shift NLφ  is 
The discussion given above means that the refractive-index changes for a weak 
beam of ω2 is mainly determined by the intensity of a strong beam of ω1. The 
measurement of intensity-dependent refractive index has two methods. One is to use 
single laser beam as shown in Fig. 2.4(a). The other way is to use two separate beams 
as shown in Fig. 2.4(b). The presence of the strong pump beam leads to a modification 
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of the refractive index experienced by a weak probe beam. In each case NLφ  represents 
the nonlinear phase shift experienced in propagating through the optical material. 
 
E(ω) NLie φ(a) E(ω) 






        χ(3)E(ω') 
(probe wave) 
 
Figure 2.4 Two ways of measuring the nonlinear refractive index. 
 
2.3.3 Theoretical analysis of optical Kerr effect 
The optical field induced birefringence can change the polarization of a beam 
propagating in the medium. Conversely, measurement of the change of the beam 
polarization should allow us to deduce the magnitudes of the induced birefringence. 
Supposing |Epump|>>|Eprobe|, two linearly polarized beams propagate along z-








Figure 2.5 Schematic illustration of Epump // x case. 
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Here, pump field is E1(z, ω1)=E1x x =(1/2)A1(z)exp(i(k1z–ω1t))+c.c. with A1(z)=A1x(z) 
while probe field is E2(z, ω2)=E2x x+E2y y =(1/2)A2(z)exp(i(k2z–ω2t))+c.c., where 



















we have  
 (2.42) )3(
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where P(3) is the third-order nonlinear polarization at ω2 for isotropic medium. By 
using  
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Similarly, refractive index change ∆nxx along x-direction (parallel to the polarization of 

























When the probe beam propagates through a medium of length l, the x and y component 




The phase difference, ∆Φ, changes the polarization state of the probe beam, as shown 
in Fig. 2.6. ∆Φ can be determined from the transmitted signal (S) measured by 
inserting an analyzer crossed with the polarization of the incoming probe beam in front 
of the detector: 
 (2.44) 
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where Ss is proportional to I12 and (χ(3))2 and L2. Taking a reference (for example, CS2), 
the OKE signal of a sample is given by 
 
 (2.46) ( )[ ]ssss













where subscripts s and r denote the investigated sample and the reference sample, 
respectively. And n is the refractive index, R the surface reflection, L the interaction 
length between the pump and probe beam over the sample. It is noted that only off-











































Figure 2.6 Change of polarization of probe beam at different pump-probe 
configurations. 
 






 with pump 
Epump with 45º to Eprobe
Epump // Eprobe
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2.3.4 Experimental setup for pump-probe and OKE measurement 
The absorptive and refractive nonlinearities were measured with techniques of 
femtosecond time-resolved pump-probe transmission and optical Kerr effect (OKE), 
respectively. Fig. 2.7 shows our experimental setup for OKE measurements. The laser 
pulses were generated by a mode-locked Ti: Sapphire laser (Tsunami, Spectra-Physics) 
operating at a repetition rate of 82 MHz with a full width at half maximum 250 fs and 
a wavelength of 800 nm. The pump and probe beams were split from the laser output, 
the pump beam was chopped at 1620 Hz and it went through an optical delay line 
controlled by a computer. For OKE experiments, a polarizer P1 was put into the probe 
beam path to set its polarization to be 45° with respect to that of pump beam. Two 
beams were focused on the same spot of the sample with a spot size of about 40 µm by 
a lens with f = 5 cm. The transmitted probe beam passed through an analyzer P2 with 
crossed polarization to P1. The signal was detected by a photodiode connected with a 
lock-in amplifier and the data were stored into a computer. For pump-probe 
measurement, the analyzer P2 was removed and the polarization of probe beam was set 
to be parallel or perpendicular to that of pump beam. In addition, we also use the 
regenerative Titan laser for pump-probe and OKE measurements since it has much 
higher pulse energy (~ 1 mJ). 
 
2.4 Two-Photon Excited Photoluminescence 
The experimental setup for one-photon excited photoluminescence (PL) 
measurement is shown in Fig. 2.8. The output 800 nm Tsunami laser pulse was 
upconverted to 400 nm using frequency doubling with a beta barium borate (BBO) 
crystal. Then a dichroic mirror separated the second harmonic generation (400 nm) and 
the rest fundamental beam (800 nm). The PL from the focus of an objective lens (NA= 
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Figure 2.7 Experimental setup for pump-probe and OKE measurement. 
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0.4) was collected and refocused to a CCD spectrometer (BTC111E, B&WTEK) for 
spectrum acquisition and fluorescence photon counting. For two-photon excited 
photoluminescence (TPL) measurement, the BBO crystal and dichroic mirrors in Fig. 




























Figure 2.8 Experimental setup for PL or TPL measurement. 
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Chapter 3 
NEAR-RESONANT EXCITONIC NONLINEAR ABSORPTION 
IN CdS NANOCRYSTALS 
 
3.1. Introduction 
In the past decade, there has been increasing interest in the nonlinear optical and 
luminescent properties of nanometer-sized semiconductor crystals [3.1-3.9]. This interest 
is stimulated by remarkably different optical properties when semiconductor sizes are 
decreased from bulk to a few nanometers as predicted by quantum confinement theory. 
Such unusual properties may have technological applications such as optical-switching 
devices, quantum-dot lasers, or light emitters. It is well-known that the linear optical 
properties of semiconductor nanoparticles depend strongly upon particle size, for example, 
the blue shift of excitonic absorption and emission peaks with decreasing particle size. 
Additionally, large optical nonlinearities in cadmium sulfide (CdS) nanocrystals (NCs) 
have been observed by degenerate four-wave mixing (DFWM) and pump–probe 
measurements with nanosecond and picosecond laser pulses [3.10-3.14]. And the excited 
state dynamics have been studied in detail with femtosecond time-resolved pump–probe 
and photoluminescence technique [3.3, 3.15, 3.16]. Compared to DFWM and pump-probe 
technique, Z scan is an effective technique to investigate nonlinear absorption and 
nonlinear refraction separately. Recently, there have been several reports on CdS 
nanoparticles studied by the use of the Z-scan technique [3.4, 3.5, 3.8]. In this chapter, we 
report an investigation to the irradiance dependence of pure nonlinear absorption in 
polymer-stabilized CdS NCs. The investigation has been carried out with nanosecond Z-
scan method at photon energies near the lowest exciton energy. The excitonic nonlinear 
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absorption in CdS NCs is observed to increase with decreasing particle size, 
demonstrating that the nonlinear optical properties of CdS NCs in the strong quantum 
confinement region are greatly enhanced compared to their bulk counterpart. A two-level 
model is utilized to explain the irradiance and wavelength dependence of the observed 
absorption saturation near the lowest exciton peak. The agreement between the model and 
the experimental results reveals the oscillator strengths for CdS NCs of different sizes. 
The size dependence of the oscillator strength confirms again the quantum confinement 
effect. The saturation intensity near the lowest exciton resonance is also determined. 
 
3.2. Experimental 
Two samples with CdS NCs of different sizes have been investigated in this 
chapter. In samples 1 and 2, the CdS NCs capped with dodecanethiol are 3.0 nm and 2.3 
nm in diameter, respectively. The CdS samples were synthesized and provided by Zhang 
et al. [3.17]. The sample preparation procedures are briefly described as follows: 10 mMol 
dodecanethiol was dispersed into 25 mL toluene. Then 54 mg 2,2’-bipyridyl cadmium(II) 
thiolcarboxylate [(2, 2’-bpy)Cd(SC{O}Ph)2] as the precursor was added into the solution 
and the mixture was bubbled with N2 for 30 min. Subsequently, the solution was heated 
slowly and refluxed for 30 min. After cooling down, the clear yellowish solution was 
condensed using a rotary evaporator and the particles were precipitated by the addition of 
acetone or ethanol. The solid was thoroughly washed with ethanol, dimethyl formamide, 
and ether. And then it was vacuum-dried. The resulting powder is dissolvable in nonpolar 
solvent such as toluene, hexane, and chloroform. In our case, the 3.0-nm-sized and 2.3-
nm-sized CdS NCs were dispersed in chloroform with volume fraction of 0.12 × 10–3 (or 4 
× 10–3 Mol/L) and 0.06 × 10–3 (or 2 × 10–3 Mol/L), respectively. 
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In my experiments, the optical nonlinearities of CdS NCs were measured by using 
standard Z-scan method with full width at half maximum (FWHM) 5 ns laser pulses 
produced by an optical parametric oscillator (Spectra Physics MOPO 710). The optical 
parametric oscillation (OPO) laser pulses were delivered at 10 Hz repetition rate, and were 
focused onto the sample with a minimum beam waist (e–2 radius) of 53 µm. The details of 
Z-scan setup can be referred to Section 2.2.4 in Chapter 2. All the Z-scan measurements 
were carried out at room temperature. Thermal effects were ignored since the low 
repetition rate of 10 Hz was used. Pure solvent was also examined at the same 
experimental conditions and its nonlinear response was found to be insignificant. 
The morphology and distribution of CdS NCs were inspected with a transmission 
electron microscope (TEM, JEOL-JEM 2010F) operating at 200 kV. The CdS NCs were 
dispersed in toluene and a drop of the solution was placed on a copper grid with carbon 
film. It was dried in desiccators before transferring into the TEM sample chamber. X-ray 
diffraction diffractograms (XRD) of the CdS NC powders were recorded on a Siemens 
D5005 x-ray powder diffractometer with Cu Kα radiation (40 kV, 40 mA). The CdS NC 
powder was mounted on a sample holder and scanned with a step width of 0.01o in the 
range from 20° to 60o. Optical absorption spectra of the samples were recorded on an UV–
visible spectrophotometer (UV-1601, Shimadzu) in the range from 300 to 800 nm. All the 
spectra were corrected with pristine solution. To check photo-stability of the two samples, 
we measured the absorption spectra before and after the laser irradiation and no difference 
was observed. 
 
3.3. Results and Discussion 
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Figure 3.1(a) presents a TEM image of CdS NCs capped with dodecanethiol in 
sample 2 and the size distribution with the average diameter of 2.3 ± 0.3 nm is shown in 
Fig. 3.1(b). The solid line is a lognormal fit to the size distribution. 
A typical XRD pattern of the dodecanethiol-capped CdS NCs in sample 2 is shown 
in Fig. 3.2. XRD of the CdS NCs reveals diffraction peaks corresponding to the cubic 
(zinc blend) structural form. Compared to the XRD of bulk CdS, the present diffraction 
lines are generally broader. The finite size of the crystallites, strain, and instrumental 
effects contribute to the broadening. The particle size of the quantum dots (QDs) is 







cL = (3.1) 
 
where Lc is the coherence length, λ the wavelength of the X rays used and βsize the full 
width at half maximum (FWHM) of the XRD peak corresponding to the Bragg angle 2θ. 
In order to determine βsize, the peak profile is obtained by fitting observed diffraction 
pattern with Gaussian curves. The mean diameter of the CdS NCs, d, is then given by d = 
(4/3)Lc, assuming the particles are spherical in shape. The calculation shows that the CdS 
NCs in sample 2 have a mean diameter of 2.2 nm, which is close to the value of 2.3 nm 
based on the TEM analysis. As for the CdS NCs in sample 1, the mean diameter of ~ 3.0 
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Figure 3.1 TEM image (a) and Size distribution (b) of CdS NCs capped with 














































Figure 3.2 The powder X-ray diffraction pattern (···) of CdS NCs with 2.3 nm 
diameter (sample 2) along with Gaussian fit (—). The deconvoluted individual reflection 
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Optical absorption spectra of the dodecanethiol-capped CdS NCs in chloroform 
(samples 1 and 2) are shown in Figs. 3.3(a) and 3.3(b), respectively. The absorption onsets 
are localized at 435 and 425 nm for CdS NCs of 3.0 and 2.3 nm diameters, respectively. 
Comparing with the absorption edge of the bulk CdS (~ 520 nm), the absorption edges for 
the CdS NCs in the two samples show a blue shift of 85 and 95 nm, correspondingly to 
0.47 and 0.53 eV, respectively. The Gaussian fitting curves clearly indicate the presence 
of the lowest excitonic transition, 1S(e) – 1S3/2(h), centered at 400 nm for sample 1 and 
380 nm for sample 2, which confirms the size effect in CdS NCs. The lowest exciton peak 
is obviously shifted from 400 nm to 380 nm as the size decreases from 3.0 nm to 2.3 nm. 
The exciton peaks are in close agreement with the experimental findings of Wang et al. 
[3.19] and a recent theoretical prediction based on approximation of hole effective-mass 
Hamiltonian and inclusion of Coulomb interaction [3.20]. In addition, the sharp absorption 
increase of the exciton peak reveals narrow size distribution. The broadening of optical 
transitions observed in the absorption spectra of CdS NCs is primarily due to 
inhomogeneity arising from size dispersion. In the strong confinement regime, the size 
dependence of energy transitions in NCs is dominated by a term proportional to 1/R2. In 
this case, the inhomogeneous broadening (Гi) of the transition at energy ћωi is 
proportional to the shift of this transition with respect to the bulk material energy gap (Eg). 
For a Gaussian distribution with a standard deviation ∆R, Гi is equal to 2(ћωi - Eg)∆R/R. 
For CdS NCs with 2R = 2.3 nm, ћω1 - Eg = 840 meV, and ∆R/R = 13%, we calculate 2Г 1 
= 440 meV, which is consistent with the 450 meV width of the excitonic transition of 1S(e) 
– 1S3/2(h) as shown in Fig. 3.3(b). 
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Figure 3.3 Optical absorption spectra of CdS NCs fitted to three Gaussian bands: (a) 
sample 1; (b) sample 2. 
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Figure 3.4 Open aperture Z scans measured at different wavelengths for 3.0-nm-sized 
CdS NCs (4 × 10–3 Mol/L) with 5 ns OPO laser pulses. The input irradiances are 0.012 
GW/cm2. The scatter graphs are experimental data while the solid lines are theoretically 
fitting curves by employing the standard Z-scan theory. For clear presentation, the curves 
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Figure 3.5 Comparison of open aperture Z-scan measurements at different irradiances 
at 430 nm for 3.0-nm-sized CdS NCs (2 × 10–3 Mol/L) by using 5 ns OPO laser pulses. 
The scatter graphs are experimental data while the solid lines are theoretically fitting 
curves by employing the standard Z-scan theory. For clear presentation, the graphs are 
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In order to systematically investigate the nonlinear absorption, we performed open 
aperture nanosecond Z scan with wavelengths close to the lowest exciton energy. Fig. 3.4 
shows typical Z-scan curves of sample 1 with different wavelengths under an input 
irradiance of 12 MW/cm2. (Herein the input irradiance is defined as the on-axis, peak 
irradiance at the focal position). The open aperture Z scans were only performed at 
wavelengths longer than 420 nm due to the limitation of OPO laser output. Thus, Z scans 
were conducted at wavelengths on the lower-energy side of the lowest exciton peak for 
both samples 1 and 2. As shown in Fig. 3.4, all Z-scan curves exhibit saturable absorption 
(SA) and the SA signals increase as operating wavelength approaching the exciton peak. 
To fit the Z-scan data, we employ the standard Z-scan theory [3.21] with assumption of α 
= α0 + (α2 + α4 I) I, where α and α0 are the total and linear absorption coefficient, 
respectively, α2 is the third-order nonlinear absorption coefficient, α4 denotes the fifth-
order nonlinearity and I represents the laser irradiance. Fig. 3.5 shows the comparison of 
open aperture Z-scan measurements of 3.0-nm-diam CdS NCs under different irradiances 
at 430 nm. The symbols are experimental data while the solid curves are theoretically 
fitting curves by the Z-scan theory including both α2 and α4 nonlinear terms. It is 
interesting to note that a transmission decrease occurs near the focal position under the 
higher irradiance, which indicates a higher order nonlinear absorption process. We also 
employ the standard Z-scan theory with assumption of α = α0 + α2eff I to fit the 
experimental Z-scan data, where α2eff = α2 + α4 I. Fig. 3.6 displays the best-fit values of 
α2eff at 430 nm as a function of input irradiance for sample 1. A linear relationship is 
obtained as expected. Thus, the α2 and α4 values can be extracted from the intercept at the 
Y axis and the slope of the linear fit, respectively. The deduced α2 and α4 values 
quantitatively agree with the previous fitting results with assumption of α = α0 + (α2 + α4 
I) I. Fig. 3.7 shows wavelength dependence of open aperture Z-scan measurements of 3.0-
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nm-diam CdS NCs at high irradiance (40 MW/cm2). The symbols are experimental data 
while the solid curves are the theoretically fitting curves by the standard Z-scan theory. At 
this high irradiance, the onset wavelength for occurrence of transmission decrease is ~ 435 
nm, which just corresponds to the absorption bandedge of the CdS NCs. The relative 
decrease in the transmission at focus varies with wavelength, indicating that the observed 
dip is due to the fifth-order nonlinear absorption of the CdS NCs. Similar results are 
obtained for the 2.3-nm-diam CdS NCs. It is known that the nonlinear absorption 
coefficients are related to the third-order and fifth-order imaginary susceptibilities by 
[3.22] 
 
( ) ( )02032 Im3 ελχπα cn= (3.2) 
 
( ) ( )2023054 Im5 ελχπα cn= (3.3) 
 
where n0 is the linear refractive index, λ the laser wavelength, and c the speed of light in 
vacuum. Thus, the intrinsic third-order and fifth-order susceptibilities of CdS NCs can be 
obtained by the use of Eqs. (3.2) and (3.3) with the relation of Imχ(3) = ƒv⏐f⏐4Imχ(3)QD and 
Imχ(5) = ƒv⏐f⏐6Imχ(5)QD, respectively, where ƒv is the volume fraction of CdS NCs in the 
solution and f is the local field correction that depends on the dielectric constant of solvent 
and NCs. The value of f is nearly equal to 0.65 in this case. Table 3.1 lists the obtained 











































Figure 3.6 The effective nonlinear absorption coefficient α2eff of 3.0-nm-sized CdS 
NCs (4 × 10–3 Mol/L) plotted as a function of the input irradiance. The solid line is the 
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To interpret the results quantitatively, a two-level model was employed [3.23]. By 
considering the population redistribution under the laser radiation of frequency ω, the 
susceptibility, χ = Reχ – i Imχ, can be derived as a function of |E0|2, where E0 is the electric 
field strength of the laser light. To obtain the third-order and fifth-order nonlinear 
absorption, Imχ(3) and Imχ(5) can be expanded in terms of |E0|2 and written down in the 
following:  
 

























where µ is the dipole moment, T2 the dephasing time, τ the relaxation time, ∆N0 the 
population difference at zero field, ε0 the permittivity in vacuum, ћ the Plank’s constant, 
and ω0 the exciton frequency. To date, no accurate calculation can be found in the 
literature for the dipole moment, µ = <Φ1|er|Φ2>, of CdS NCs. But typically µ/e is a 
fraction of the particle radius [3.24]. By taking n0 = 2.4 [3.25] and τ ≈ 114 ps [3.16] from 
published reports and the values of µ/e, T2, ∆N0 and λ0 given in Table 3.2, we apply Eqs. 
(3.2) and (3.4) to fit the experimental α2 data measured at different wavelengths by 
nanosecond Z scans. Herein we assume that the relaxation time τ does not vary with 
particle size [3.26]. The third-order α2 wavelength dependencies (stars and squares) and 
the corresponding two-level model fitting curves (solid lines) are plotted in Fig. 3.8 for 
samples 1 and 2. The theoretical and experimental data are in good agreement. Our Imχ (3) 
values qualitatively agree with the published results [3.26, 3.27]. Apparently, the value of 
Imχ(3)QD is significantly increased as the investigated wavelength approaching the exciton 
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peak. Although the α2 values are similar for the two samples, the intrinsic Imχ(3)QD is 
greatly enhanced for the smaller CdS particle size by taking consideration of the different 
volume fraction in the two samples. It is consistent with the prediction from strong 
quantum confinement effect [3.19, 3.28]. By considering the volume fraction and the local 
field effect, the nonlinear absorption in CdS NCs is much higher than the value of bulk 
CdS [3.29]. The enhancement of the third-order nonlinearity can be attributed to the 
concentration of exciton oscillator strength [3.30]. As the particle size is reduced, a series 
of nearby transitions occurring at slightly different energies in the bulk are compressed by 
quantum confinement into a single, intense transition in a quantum dot. Therefore, the 
oscillator strength of the NC is concentrated into just a few transitions and the strong 
exciton bleaching can be expected. At room temperature, suppose that all the charged 
carriers stay in the ground state. So the population difference at zero field, ∆N0, is equal to 
the density of two-level atoms in the ensemble. From the point view of CdS NCs, the 
dipole moment µ should scale as the oscillator strength of the lowest excitonic transition. 
Herein we ignore the effects of biexciton and the interaction between exciton and exciton. 
Therefore, it is reasonable that the greater µ, as illustrated in Table 3.2, is obtained by 
fitting the experimental data of CdS NCs with the smaller size. According to the two-level 
model discussed earlier, the excitonic bleaching of the CdS NCs originates from the 
transition between the ground state 1S(e) and the lowest excited state 1S3/2(h).  
We also apply Eqs. (3.3) and (3.5) to fit the experimental α4 data obtained at 
different wavelengths with the same physical parameters given in Table 3.2. The 
wavelength dependencies of α4 (stars and squares) and the corresponding two-level model 
fitting curves (solid lines) are plotted in Fig. 3.9 for samples 1 and 2. The theoretical 
curves have a similar trend to the experimental data. The discrepancy between the 
theoretical and experimental data is quite reasonable since we ignore the contribution from 
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the higher excitonic transitions. In addition, the lack of accurate energy relaxation time τ 
may contribute to the discrepancy. At the high input irradiance of 57 MW/cm2, shown in 
Fig. 3.5, the transmission drop at the focal plane is a result of fifth-order nonlinearity since 
α4 and α2 have opposite sign. When the laser intensity is ~ 35 MW/cm2 (fluence of ~ 0.17 
J/cm2) or greater, the induced fifth-order nonlinearity is larger than the third-order 
nonlinear process, and hence the transmission drops. As expected, we also observe the 
linear dependence of both α2 and α4 values on the concentration of the CdS NCs. Our 
attempts to determine the nonlinear refraction were unsuccessful due to the presence of the 
high nonlinear absorption and the opposite contribution of the third-order and fifth-order 
nonlinearity. According to the absorption spectra shown in Fig. 3.3(a), the excitation at 
420 and 430 nm corresponds to the absorption close to the resonance of the 1S(e) – 1S3/2(h) 
excitonic transition. Our Z-scan results at 420 and 430 nm reveal a transmission drop 
occurred at the higher irradiances, which is attributed to the saturation of the excitonic 








where α0 is the linear absorption coefficient, Ι the laser irradiance and Ιs the saturation 
intensity. The absorption coefficient α can be expanded in terms of Ι and α2 and α4 can be 
written as α2 = - α0/2Ιs and α4 = 3α0/8Ιs2, respectively. The obtained Ιs values at different 
wavelengths are listed in Table 3.1. It is noted that the saturation intensity is nearly a 
constant at all the wavelengths close to the resonance of the 1S(e) – 1S3/2(h) exciton for 
both samples 1 and 2. Even though considering the correction of volume fraction, our 
saturation intensity in CdS NCs (1.2–1.5 MW/cm2) is around five orders of magnitude 
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lower than two-photon absorption saturation observed in CdS NCs, which will be 
discussed in detail at chapter 5. If the sample volume fraction is considered, the saturation 
intensity of 2.3-nm-sized CdS NCs is nearly two times greater than that of 3.0-nm-sized 
CdS NCs. The increase of saturation intensity with decrease of particle size is attributed to 
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Figure 3.7 Wavelength dependence of open aperture Z-scan measurements at high 
irradiance for 3.0-nm-sized CdS NCs (2 × 10–3 Mol/L) by using 5 ns OPO laser pulses. 
The scatter graphs are experimental data while the solid lines are theoretically fitting 
curves by employing the standard Z-scan theory. For clear presentation, the graphs are 










































Figure 3.8 The third-order nonlinear absorption coefficient α2 of 3.0-nm-sized (sample 
1, 4×10–3 Mol/L, stars) and 2.3-nm-sized (sample 2, 2×10–3 Mol/L, squares) CdS NCs 
plotted as a function of wavelength. The solid curve and dotted curve are the theoretically 
fitting results for sample 1 and sample 2, respectively, by employing the two-level model. 
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Figure 3.9 The fifth-order nonlinear absorption coefficient α4 of 3.0-nm-sized (sample 
1, 4×10–3 Mol/L, stars) and 2.3-nm-sized (sample 2, 2×10–3 Mol/L, squares) CdS NCs 
plotted as a function of wavelength. The solid curve and dotted curve are the theoretically 
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3.4 Conclusion 
In summary, the dispersion and irradiance dependence of excitonic nonlinear 
absorption in CdS NCs with 3.0 and 2.3 nm sizes have been experimentally investigated 
by using nanosecond Z scan and theoretically studied by applying the two-level model 
consisting of the quantized sublevels 1S(e) and 1S3/2(h). The nonlinear absorption is 
greatly enhanced when the particle size is less than the bulk Bohr diameter due to the 
quantum confinement effect. In addition, we observe third-order excitonic bleaching at 
low irradiance and fifth-order excitonic nonlinear absorption at higher irradiance for both 
3.0-nm-sized and 2.3-nm-sized CdS NCs. The intrinsic excitonic nonlinear absorption is 
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Chapter 4 
NON-RESONANT OPTICAL NONLINEARITY OF CdS 
NANOCRYSTALS IN POLYMERIC FILM 
 
4.1. Introduction 
Semiconductor nanocrystals (NCs) have attracted increasing attention because 
of their tunable optical properties arising from the quantum size effect [4.1–4.3]. In 
particular, research efforts have been focused on the third-order, nonlinear optical 
properties of semiconductor NCs, which may lead to potential applications in ultrafast 
all-optical switching [4.1, 4.3–4.7]. For realization of all-optical switching devices 
based on waveguide structures with exploiting nonlinear phase changes, the following 
material requirements have to be met: W > 1 and T < 1, where W and T are the one- 
and two-photon figures of merit, respectively [4.8, 4.9]. The two figures of merit are 
defined as W = n2I/(α0λ) and T = α2λ/n2, where n2 is the optical Kerr coefficient, α0 is 
the absorption coefficient, α2 is the two-photon absorption (2PA) coefficient, λ is the 
wavelength, and I is the light irradiance. Furthermore, ultrafast response times (a few 
picoseconds or less) are required for the nonlinear processes involved. Although 
resonant, third-order nonlinearities are large, as discussed in chapter 3, they are 
generally slow and associated with large absorption. Hence, research attention has 
been paid to the nonlinear responses of group II-VI semiconductor NCs in the spectral 
region having photon energies below the fundamental absorption edge [4.1, 4.3–4.7]. 
In this case, non-resonant nonlinearities are dominated by 2PA, optical Kerr 
nonlinearity, or two-photon-generated free carrier effects [4.1, 4.3–4.7]. However, 
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Banfi et al. [4.3] have found that the figures of merit are far away from the target 
values for glasses doped with semiconductor CdS1–xSex NCs. 
To improve the figures of merit, research interest has been directed towards 
semiconductor NCs embedded in polymer. Schwerzel et al. [4.10] and Du et al. [4.11] 
have measured the nonlinear index of refraction in CdS NCs embedded in polymers 
with nanosecond laser pulses at wavelengths close to the fundamental absorption edge. 
Recently, Lin et al. [4.12] have reported a large optical Kerr coefficient of –8.4 × 10–14 
cm2/W for CdS NCs in poly(methyl methacrylate) (PMMA) with femtosecond laser 
pulses at 815 nm. They have also determined W to be 1.2 for 3 wt % CdS/PMMA 
hybrid film.  
Herein we investigated the ultrafast and large non-resonant nonlinear responses 
of CdS NCs embedded in a polymeric film. The CdS polymeric film has been 
synthesized by an ion-exchange process, and characterized with various techniques 
like transmission electron microscopy (TEM), X-ray diffraction (XRD), transmission 
spectroscopy, fluorescence, and ellipsometry. With 250 fs laser pulses at 800 nm 
wavelength, we have performed a femtosecond time-resolved pump-probe 
measurement on the CdS polymeric film. In addition, we have carried out experiments 
on femtosecond time-resolved optical Kerr effect. Our results show that the CdS-
polymer composite film possesses a recovery time of ~1 ps with W = 3.1 and T = 1.3. 
The two-photon-generated free carrier effects have also been observed and discussed. 
Our findings indicate that CdS-polymer composite films have great potential for 
optical switching applications. 
 
4.2. Experimental  
4.2.1 Sample preparation 
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The CdS-polymer composite films were synthesized and provided by Prof. Shi 
Jianlin at Shanghai Institute of Ceramics, Chinese Academy of Science, China. The 
samples were prepared by an ion-exchange process. The 0.13 mm thick, free-standing 
Nafion films were first cleaned in boiling 65 – 68% nitric acid for about 30 minutes 
and repeatedly washed with deionized water until the solution was neutral at pH 7. The 
Nafion films were then soaked in 0.5 M aqueous cadmium acetate solution for 12 
hours. After repeatedly washing the Nafion films with deionized water to remove 
nonexchanged cadmium ions, the films were thoroughly dried in a vacuum for 1 hour. 
Then the films were treated with hydrogen sulfide gas for 0.5 hours. Finally, the CdS-
Nafion composite films were kept in a vacuum for 3 hours in order to remove adsorbed 
but unreacted hydrogen sulfide gas.  
4.2.2 Characterization techniques 
The morphology and size distribution of the CdS NCs in the film were 
inspected with a field emission transmission electron microscope (TEM, Philips FE 
CM300) operating at 300 kV. The crystal phase analysis was carried out on a D8 
ADVANCE X-ray diffractometer (Bruker Analytical X-ray system) with the glancing 
angle X-ray diffraction (GAXRD) configuration and a Raman spectrometer (ISA 
T64000 triple grating system) with an Olympus microscope attachment. The depth 
profile of the CdS NCs in the composite film was measured by using an ellipsometer 
system (J. A. Woollam Company, VASE). The transmission spectrum was measured 
on a UV-vis spectrophotometer (UV-1601, Shimadzu). The photoluminescence (PL) 
spectrum was acquired in the wavelength range of 370–900 nm at room temperature 
with excitation light from a He-Cd laser (λ = 325 nm). We measured the absorption 
spectra before and after the pulsed laser irradiation, described below, and no 
measurable difference was observed, showing high photostability of the CdS-Nafion 
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composite film. In addition, the transmission spectrum of a pure Nafion film was 
measured for reference. No absorbance feature or any interference pattern was 
observed for the pure Nafion film in the visible wavelength range. 
4.2.3 Nonlinear optical measurements 
The 2PA and optical Kerr nonlinearity of the composite film were measured by 
using femtosecond time-resolved pump-probe and optical Kerr effect (OKE) 
techniques, respectively. The laser pulses used were generated by a mode-locked 
Ti:Sapphire laser (Tsunami, Spectra-Physics) operating at a repetition rate of 82 MHz 
with a pulse duration of 250 fs and a wavelength of 800 nm. The laser beam was 
divided into pump beam and probe beam by a beam splitter, and the ratio of pump-to-
probe power was set to be 10:1. The pump beam traveled through a chopper (1620 Hz), 
a computer-controlled optical delay line, and the reflected probe beam went through a 
λ/4 wave plate and then a polarizer P1 with the polarization direction set at 45° with 
respect to that of the pump beam. Two beams were focused by a lens of 5 cm focal 
length and overlapped on the same spot of the sample with a spot size of about 40 µm. 
The transmitted probe beam passed through an analyzer P2, which was placed behind 
the sample with crossed polarization to P1. The signal was detected by a photodiode 
connected with a lock-in amplifier and the data were stored into a computer. For 
pump-probe measurement, the polarization of the probe beam was set to be 
perpendicular to that of the pump beam. In the experiments, the pump irradiance in the 
sample was kept below 2 GW/cm2, which ensured no significant influences by two-
photon-created electron-hole pairs or nonlinear processes of thermal origin. The pure 
Nafion film was also examined under the same experimental conditions, and no 
nonlinear response was found. For reference, a 0.5-mm-thick hexagonal CdS bulk 
crystal (Semiconductor Wafer, Inc.) was investigated as well under the same 
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conditions with laser polarization perpendicular to its c axis. The schematic details of 
the OKE or pump-probe setup can be found in chapter 2 (Figure 2.7). To verify the 
2PA process in the CdS-Nafion film, the two-photon excited photoluminescence 
spectra (TPL) were investigated by the use of the same Tsunami laser system.  
4.3. Results and Discussion 
4.3.1  Characterization of CdS nanocrystals 
Figure 4.1 presents a TEM image of the CdS NCs in the composite film and 
their size distribution. Through use of a lognormal fit, both the average diameter of 4.1 
nm and the standard deviation of 0.5 nm are inferred for the CdS NCs. By comparison 
to the exciton Bohr radius aB (~2.8 nm in bulk CdS), we shall expect strong quantum 
confinement effect on the optical properties of the composite film. As shown in Fig. 
4.2, the XRD pattern of the CdS-Nafion film reveals four diffraction peaks, 
corresponding to four signatures for the cubic (zinc blende) structural form. The four 
Gaussian-fitted profiles are found to be broader than their counterparts in bulk CdS. 
The wide band centered at 38° is attributed to pure Nafion. The measured Raman 
spectra, shown in Fig. 4.3, exhibited a peak at 298 cm–1. This frequency was in good 
agreement with reported Raman measurements of CdS/silica composites [4.13], and 
corresponded to the first-order LO phonon frequency of CdS. The full width at half 
maximum of the Raman peak was 36 cm–1, which was found to correspond to a mean 
particle size of about 3 nm in CdS/silicon dioxide films [4.14]. In addition, the second-
order LO phonon peak can also be clearly observed at approximately 600 cm–1.  
Figure 4.4 shows a depth profile of the refractive index near one surface of the 
CdS-Nafion film, measured by using the ellipsometer system at a 500 nm wavelength. 
In the composite film, there are two layers of higher refractive index with a thickness 
of about 0.9 µm. It is evident that the CdS NCs are formed in the areas near to the two 
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surfaces of the free-standing composite film. And this directly results from our 
synthesis method. The UV-visible transmission spectrum of the CdS-Nafion film is 
illustrated in Fig. 4.5(a). First, it displays an interference pattern in the spectral region 
of 500–900 nm. We attribute it to the formation of the CdS NC layers in the film. By 
using the Airy function for multiple beam interference from the parallel layer, we can 
simulate the interference pattern. Second, Fig. 4.5(a) shows a cutoff behavior for the 
CdS-Nafion film, with an absorption onset located at 2.72 eV. In comparison to bulk 
CdS (~2.37 eV), there is a blue shift for the CdS NCs. If the average diameter of 4.1 
nm is used, then we can calculate the amount of the blue shift by using the theory of 
Wang et al. [4.15], and find that it is in agreement with our experimental data from the 
UV-vis spectrum. In addition, the transmittance of pure Nafion films used in our 
investigation is found to be nearly 90% from 500 to 1700 nm, as shown in Fig. 4.5(b). 
 






























Figure 4.1 (a) High-resolution TEM and (b) size distribution of the CdS NCs in the 
composite film.  
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Figure 4.2 XRD pattern of the CdS-Nafion film. The thick solid line is the 
measurement. The thin solid line is the fit with Gaussian curves. The deconvoluted 







































Figure 4.3 Room temperature Raman spectrum of the CdS-Nafion film with 
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Figure 4.4 Depth profile of the refractive index in the CdS-Nafion composite film. 
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Figure 4.5 (a) UV-visible transmission spectra of the CdS-Nafion film (thick solid 
line) and pure Nafion film (dotted line) together with the PL emission spectrum (thin 
solid line) of the CdS-Nafion composite film; (b) UV-visible-IR transmission spectrum 
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4.3.2 Two-photon excited photoluminescence  
Semiconductor NCs have been receiving much attention in fluorescence 
microscopy and biological imaging due to their attractive optical properties such as 
narrow emission bands, emission wavelength tunability with size, photostability, and 
enhanced brightness [4.16]. Recently, the two-photon excitation technique has 
emerged as an invaluable tool for nanocrystal research, especially in identifying 
potential transitions between energy levels that are forbidden under one-photon 
excitation [4.17], and in fluorescence imaging through thick biological samples [4.18]. 
The 2PA cross section of CdSe NCs was predicted and measured to be approximately 
~ 10– 46 cm4s photon–1, which is two to three orders of magnitude higher than the value 
of common fluorescent dyes [4.17]. In this section, the measured two-photon excited 
bandedge and trap state emission of CdS NCs is presented. In particular, the intensity 
dependence of bandedge and trap state emissions on the incident power is investigated, 
which reveals that the trap state emission is not dependent on the second power of the 
incident intensity, unlike the bandedge emission.  
Figure 4.5(a) displays the room-temperature PL emission spectrum of the CdS-
Nafion film under He-Cd laser excitation at 325 nm. The PL spectrum contains two 
emission bands, which can be attributed to bandedge emission (440 ~ 480 nm) and trap 
state emission (550 ~ 750 nm), respectively. The band-edge emission centered at 2.71 
eV (or 458 nm) with a full width at half maximum (FWHM) of 270 meV is sharper 
than the trap state emission. For comparison, the PL spectrum of pure Nafion film was 
also examined and no obvious signal was observed. The intensity-dependent PL 
emission spectra were also obtained by the use of the femtosecond Tsunami laser 
pulses. The experimental setup for one-photon or two-photon excited PL measurement 
is shown in Fig. 2.8. Fig. 4.6(a) and 4.6(b) show one-photon excited PL emission 
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spectra at different excitation intensities for CdS NCs and CdS bulk crystal 
respectively. For both CdS NCs and CdS bulk crystal, the bandedge PL emission 
signals are proportional to excitation intensity. There is a blue shift of 40~50 nm for 
CdS NCs (~ 460 nm) compared to CdS bulk (~ 505 nm), which is due to the quantum 
confinement effect.  
The transition probability for simultaneous two-photon absorption depends on 
the square of the incident light intensity. When the CdS NCs are represented by a 
simple two-level system without any dark states influencing the emission intensity, the 






IAR totc (4.1) 
 
where Atot represents the total collection efficiency of the setup, σ2 is the 2PA cross 
section, I is the excitation intensity, and ħω is the energy of the incident photons. Fig. 
4.7(a) and 4.7(b) show two-photon excited PL (TPL) emission spectra at different 
excitation intensities for CdS NCs and CdS bulk crystal respectively. Indeed a 
quadratic intensity dependence on I is observed for the bandedge emission of the CdS 
NCs and CdS bulk crystal, while the defect emission signals show linear intensity 
dependence. The insets in Fig. 4.7 show the log–log plots of the detected TPL signal 
(counts per second) versus the excitation intensity. The TPL count rate of the bandedge 
emission proves to be proportional to the square of the applied laser power, confirming 
the presence of the nonlinear two-photon process. However, the trap state emission is 
not dependent on the second power of the incident intensity, unlike the bandedge 
emission. There are two peaks in the time-integrated TPL spectra for the CdS NCs, 
shown in Fig. 4.7(a), which can be assigned to the free-exciton emission and the 
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localized exciton emission respectively [4.20]. Nevertheless, the one-photon excited 
PL spectra in Fig. 4.6(a) can not distinguish this small difference. Thus, TPL is more 
sensitive than that of one-photon excitation. In addition, the 2PA induced bandedge 
emission peak in CdS bulk, shown in Fig. 4.7(b), indicates an intensity-dependent red 
shift, which was not revealed in that of one-photon excitation. The observed red shift 
could be due to high intensity induced band gap renormalization [4.21].  
When applying two-photon excitation one should take into account that the 
selection rules for one-photon and two-photon transitions are essentially different. 
Two-photon transitions are only allowed between states of equal parity whereas 
absorption of only one photon gives rise to a change of parity. Moreover, two-photon 
transitions connect states that differ by two or zero units of ħ in their angular 
momentum whereas for one-photon transitions this difference is one or zero unit of ħ. 
Nevertheless, due to the inherent unfeasibility of one-photon fluorescence-excitation 
spectroscopy of single semiconductor NCs, two-photon techniques must be considered 
as a valuable alternative to probe exciton properties that cannot be examined otherwise. 
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Figure 4.6 One-photon excited PL spectra of (a) CdS NCs and (b) CdS bulk crystal 
at different excitation intensities, where I0 ~ 1.2 GW/cm2. The insets show the log–log 
plots of the detected PL signal (counts per second) versus the excitation intensity. 
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Figure 4.7 Two-photon excited PL spectra of (a) CdS NCs and (b) CdS bulk 
crystal at different excitation intensities. The insets show the log–log plots of the 
detected TPL signal (counts per second) versus the excitation intensity. 
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4.3.3 Determination of two-photon absorption 
To determine both 2PA and Kerr nonlinearity, we conducted the pump-probe 
and OKE measurements with 250 fs laser pulses of 800 nm wavelength. A decrease in 
the normalized transmittance of the pump-probe transient signal is shown in Fig. 4.8(a) 
for the CdS-Nafion film. The negative change in the transmittance indicates the 
occurrence of 2PA, which agrees with the findings by Cotter et al. [4.1] and Banfi et al. 
[4.3, 4.4, 4.6] for semiconductor-NC-doped glasses. It should be emphasized that it is 
different from the report by Lin et al. [4.12] who observed the absorption saturation in 
3 wt % CdS-PMMA hybrid films with 120 fs laser pulses at 815 nm. In the absorption 
spectrum of the 3 wt % CdS-PMMA film (Figure 1 in Ref. 4.12), we notice the 
presence of a long absorption tail up to 900 nm. It is indicative of a large quantity of 
states in the spectral region from 500 to 900 nm for their composite film. The origins 
of these states could result from defects or interfacial states on the surfaces of CdS 
nanoparticles. Their PL spectra of the CdS-PMMA films also reveal the same fact. 
Hence, it is not surprising to see absorption saturation due to state-filling effects of the 
defect/interfacial states by photon-excited electrons or holes. 
If 2PA is small, then the change in the transmittance, |∆T| may be approximated 
to [4.22]: 
 
( ) ( ) 22exp1 00023 LLIR eff αα −−∝∆Τ (4.2) 
 
where І00 is the on-axis, peak irradiance at the focus, α2 is the 2PA coefficient, α0 is the 





α LLeff −−= . 
The α2 value of the CdS-Nafion film is determined by comparing with the reference 
sample at the zero delay time: 
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The subscripts s and r denote the CdS-Nafion film and the bulk CdS sample, 
respectively. L is the interaction length between the pump and probe beam over the 
sample. The α2 value was reported to be 6.4 cm/GW for bulk CdS at 780 nm [4.23]. 
With this reference value, the magnitude of α2 is determined to be 9.5 cm/GW for the 
CdS-Nafion film. The corresponding imaginary susceptibility (Imχ(3)) is 3.7 × 10–12 
esu. This 2PA is at least two orders of magnitude greater than those in semiconductor-
NC-doped glasses measured by Banfi et al. [4.4], and Bindra and Kar [4.7], who 
reported that α2 is in the range of 1.2 × 10–4 to 6 × 10–2 cm/GW. The discrepancy is 
expected since our film has a larger volume fraction of CdS NCs (about 20%) whereas 
the volume fraction is about 0.1–0.5% in those glasses. In addition, the difference in 
stoichiometry is also expected to contribute to the discrepancy. The 2PA cross section 
of 1.1 × 10–47 cm4s photon–1 has been measured by Van Oijen et al. [4.24] for 5 nm 
diameter CdS NCs in a polymer (PVA). For comparison, we use the definition of 
022 4Nωασ h= , where σ2 is the 2PA cross section, ωh  the photon energy, and N0 
the density of CdS NCs in the film. By using N0 = 8.4 × 1018 cm–3, we find it to be 7.0 
× 10–47 cm4s photon–1 for the CdS-Nafion film, which is about 6~7 times of magnitude 
greater than the result of Van Oijen et al. [4.24]. The enhancement of the 2PA cross 
section in our sample can be attributed to the stronger quantum confinement effect in 
our CdS NCs. 
 88



























































Figure 4.8 (a) Pump-probe and (b) OKE signals measured as a function of the 
delay time for the CdS-Nafion film. The pump irradiance is ~2.0 GW/cm2. The 
symbols (filled squares) are the experimental data. The dotted lines are the 
autocorrelation function of the laser pulses. The solid lines are the best fits based on 
two exponentially decay terms. 
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4.3.4 Determination of optical Kerr nonlinearity 
Figure 4.8(b) displays our OKE measurement for the CdS-Nafion film. From 
the OKE signals at the zero delay time, the magnitude of the third-order nonlinear 






















































where S is the magnitude of OKE signal and n the refractive index. The subscripts s 
and r denote the CdS-Nafion film and the bulk CdS sample, respectively. The value 
|χ(3)| = (|Reχ(3)|2 + |Imχ(3)|2)1/2 is calculated to be 7.4 × 10–12 esu for bulk CdS by using 
the data of n2 and α2 reported in Ref. 4.23. Through use of the reference value, the 
magnitude of χ(3) for the CdS-Nafion film is determined to be 3.5 × 10–11 esu. The 
value of Imχ(3) has been obtained from the pump-probe experiment mentioned 
previously. Hence, |Reχ(3)| is computed to be 3.4 × 10–11 esu, by |Reχ(3)| = (|χ(3)|2 - 
|Imχ(3)|2)1/2, and the corresponding Kerr coefficient, |n2|, is 5.7 × 10–13 cm2/W. This n2 
value is nearly one order of magnitude greater than the reported value of –8.4 × 10–14 
cm2/W by Lin et al. [4.12] for 3 wt % CdS NCs in PMMA. The n2 value is also two 
orders of magnitude larger than the measurement by Bindra and Kar [4.7] for 
semiconductor-NC-doped glasses. Again, we believe that the discrepancy is caused by 
the quantum confinement effect and different volume fractions. In addition, the 
intrinsic third-order susceptibility of CdS NCs (Reχnc(3) = 9.5 × 10–10 and Imχnc(3) = 1.0 
× 10–10 esu) were calculated by the use of Eq. (2.13) in chapter 2 if the volume fraction 
and the local field correction are taken into account. The intrinsic χnc(3) of CdS NCs is 
enhanced nearly two orders compared to that of CdS bulk crystal. Furthermore, the 
ratio of Reχnc(3)/Imχnc(3) is increased one order of magnitude, which verified the strong 
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quantum confinement effect in CdS NCs at photon energies below the fundamental 
absorption edge. 
4.3.5 Calculation of figures of merit  
Ultrafast all-optical switching devices are key components for next generation 
broadband optical networks. In general, the implementation of such devices requires 
materials with low linear and nonlinear losses, and high Kerr-type refractive 
nonlinearities with ultrashort relaxation times. The above-mentioned requirements are 
usually expressed through two figures of merit, W and T. Materials with W > 1 and T < 
1 are suitable for photonic switching applications. It is well-known that semiconductor 
materials can have good figures of merit and are thus very attractive for this type of 
application. In addition, semiconductors offer well-developed integrated electrical 
circuitry for subsequent signal processing stages. To evaluate the material 
requirements for all-optical switching devices, we calculate the one-photon and two-
photon figures of merit for the CdS-Nafion film. For λ = 800 nm, α2 = 9.5 cm/GW, n2 
= 5.7 × 10–4 cm2/GW, I = 2.0 GW/cm2, and α0 = 4.7 cm–1 measured by the 
ellipsometry, the figures of merit are calculated to be: W = n2I/(α0λ) = 3.1 and T 
=α2λ/n2 = 1.3. They are close to the target values of W > 1 and T < 1. The figures of 
merit of the CdS-Nafion film are nearly one order of magnitude greater than that of 
bulk CdS (T = 14), which is due to the strong quantum confinement effect in the CdS 
NCs [4.1]. 
4.3.6 Relaxation of two-photon generated free carriers  
The transient response in Fig. 4.8(a) is mainly dominated by the autocorrelation 
function of the pump and probe laser pulses, which confirms that the 2PA plays a key 
role in the observed nonlinear absorption since 2PA is an instantaneous nonlinear 
process. However, there is a recovery component with a characteristic time of ~1 ps. 
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The exact nature of this slow component is unclear. But it is in agreement with the 
observation of Klimov et al. [4.26], who attributed the 1 ps component to the trapping 
of photo-generated holes at shallow acceptor states of CdS NCs dispersed in a glass 
matrix. Klimov et al. [4.26] also observed another 20–30 ps relaxation process, which 
they attributed to the capture of photo-excited electrons by deep centers. We did not 
observe it in our experiment. And it may be due to the following reasons: (1) a 
different excitation mechanism: electron-hole pairs are generated by two-photon 
absorption in our case; (2) the excitation intensity is so low that the density of photo-
generated electron-hole pairs is ~ 2 × 1016 cm–3 in our experiment; (3) CdS NCs are 
embedded in polymer, which is expected to have different stoichiometry from CdS 
NCs dispersed in glass. The magnitude of the observed 1 ps component in our 
experiment is small, which confirms that the two-photon-excited free carrier (or 
electron-hole pairs) absorption is insignificant in our pump-probe experiment. This is 
consistent with the observation by Banfi et al. [4.4, 4.6] who concluded that a 
negligible contribution due to photo-generated free carrier absorption is expected to 
the overall nonlinear absorption in CdS1–xSex-doped glasses with pulses shorter than 
200 fs.  
Figure 4.8(b) reveals that the evolution of the OKE signal in the CdS-Nafion 
film consists of two decay processes. The fast component has the characteristic time 
about 200 fs, which is assigned to the instantaneous response to the laser pulse. The 
Kerr nonlinearity due to the bound electronic effect is instantaneous. The 1 ps slow 
recovery process reflects the relaxation of the two-photon-excited free carriers, which 
could also be explained by hole trapping [4.26]. It is interesting to note that the 
magnitude of the recovery in the nonlinear refraction is nearly 3 times as much as the 
recovery observed for the nonlinear absorption in the pump-probe experiment 
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displayed in Fig. 4.8(a). It implies that the photo-generated free carriers’ contribution 
to the overall nonlinear refraction is more substantial than that to the overall nonlinear 
absorption. It is expected to be a dominant factor when semiconductor NCs are 
irradiated by longer laser pulses, as demonstrated by Bindra and Kar [4.7], who 
compared the picosecond to femtosecond Z-scan measurements for the overall 
nonlinear refraction in CdS1–xSex-doped glasses. It also becomes important when 
higher laser irradiances (~600 GW/cm2) are used [4.7].  
 
4.4. Conclusion 
In summary, we have measured the ultrafast and large third-order nonlinear 
optical susceptibilities (Reχ(3) = 3.4 × 10–11 and Imχ(3) = 3.7 × 10–12 esu) in the 
polymeric film embedded with highly concentrated CdS NCs of 2 nm radius. The 
measurements have been conducted by using both pump-probe and OKE techniques 
with 800 nm, 250 fs laser pulses. The observed nonlinearities have a recovery time of 
~1 ps with the figures of merit: W = 3.1 and T = 1.3. The two-photon-excited free 
carrier effects have also been observed and discussed. Our results demonstrate that 
CdS embedded polymeric films are promising for optical switching applications. 
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Chapter 5 Interband Two-Photon Absorption Saturation in CdS Nanocrystals 
Chapter 5 
INTERBAND TWO-PHOTON ABSORPTION 
SATURATION IN CdS NANOCRYSTALS 
 
5.1. Introduction 
Multi-photon absorption processes were predicted theoretically in 1931 [5.1]. 
Since then multi-photon absorption has been observed in a wide variety of materials 
such as wide band-gap insulators, semiconductors, organic molecules and polymers, 
etc. [5.2]. Recently, both two-photon absorption (2PA) and three-photon absorption 
(3PA) in organic materials and semiconductor quantum dots have received tremendous 
attention [5.3-5.9]. Because the quadratic (or cubic) dependence of 2PA (or 3PA) on 
excitation intensity dictates the occurrence of 2PA (or 3PA) in a spatially confined 
region, it is of direct relevance to three-dimensional imaging, data storage, and micro-
fabrication. In particular, three-dimensional imaging based on two-photo-excited 
fluorescence in biocompatible quantum dots has been achieved, which revolutionizes 
biological imaging [5.9]. In such applications, the saturation of 2PA should be 
anticipated at high excitation conditions due to the finite number of excited states; and 
it is an unwanted property. Unfortunately, the information on 2PA saturation in 
quantum dots is unavailable in the literature, though there have been studies on bulk 
semiconductors, proteins and polymers [5.10-5.12].  
In this chapter, we report for the first time the observation of 2PA saturation in 
semiconductor quantum dots. Cadmium sulfide nanocrystals (CdS NCs) are chosen as 
our sample since the saturation of interband 2PA in CdS bulk crystal has been 
examined in detail by Lami et al. [5.10], and direct comparison can be achieved. With 
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780-nm, 120-fs (full width at half maximum) laser pulses, we have determined the 
saturation intensity for 4-nm-diameter CdS NCs to be 190 GW/cm2, which is the 
highest value reported in the literature, and should be considered as a highly desirable 
factor in applications of quantum dots to three-dimensional imaging by two-photo-
excited fluorescence, optical limiting based on 2PA in quantum dots, etc.. 
 
5.2. Experimental  
Both synthesis and sample characterization of CdS NCs used in our 
investigation have been discussed in chapter 4 [5.13]. A brief description of these CdS 
NCs is given as follows. The CdS NCs are embedded in a free-standing 130-µm-thick 
Nafion film, and are concentrated within two 0.9-µm-thin layers in the film: one is 
located close to the front surface and the other is near to the back surface of the film. 
The average diameter of the CdS NCs in the film was 4.1 nm with a narrow size 
distribution (half width at half maximum = 0.5 nm). The lowest interband transition for 
one-photon absorption was found to be peaked at 2.71 eV, which is in agreement with 
the theoretical calculation [5.14]. In our studies presented in chapter 4, we have 
observed 2PA, two-photon-excited free-carrier effects, optical Kerr nonlinearity and 1-
ps recovery time at low excitation levels (~ 2 GW/cm2). To investigate the saturation 
of 2PA in the CdS NCs, we employed a Z-scan technique [5.15,5.16] at higher 
excitation irradiances (up to 500 GW/cm2, or 60 mJ/cm2). The laser wavelength was 
fixed at 780 nm, which makes the two-photon energy sufficient for interband 2PA in 
CdS NCs. The Z-scans were carried out at room temperature. The 1 mJ, 120 fs laser 
pulses were generated by a Ti:Sapphire regenerative amplifier (Quantronix, Titan), 
which was seeded by an erbium-doped fiber laser (Quantronix, IMRA). The laser 
pulses were delivered at 1 kHz pulse repetition rate and attenuated with a set of neutral 
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density filters. Then they were focused onto the CdS-NC-embedded film. The spatial 
distribution of the pulses was nearly Gaussian, after passing through a spatial filter. 
The high quality of the Gaussian beam was confirmed by the M2-factor measurement, 
which showed the value of M2 was close to the unity. The laser beam was divided by a 
beam splitter into two parts. The reflected part was taken as the reference representing 
the incident pulse energy and the transmitted beam was focused through the CdS-NC-
embedded film. Two light power probes (Laser Probe, RkP-465 HD) were used to 
record the incident and transmitted laser power simultaneously. And the lock-in 
amplification technique was utilized to increase the signal-to-noise ratio. A computer-
controlled translation stage was employed to move the film along the propagation 
direction (Z-axis) of the laser pulses. All the Z-scan measurements were carried out at 
room temperature. The laser-induced thermal lensing effects were ignored since the 
low repetition rate of 1 kHz was used. Pure Nafion films were also examined at the 
same experimental conditions and its nonlinear response was found to be insignificant. 
For the open-aperture Z scans, extreme care was taken to ensure the entire collection of 
the transmitted light, and thus, self-lensing effects were eliminated. When measuring 
the nonlinear refraction, an aperture with linear transmission S = 0.1 was placed in 
front of the detector. In addition, laser-induced permanent damage was studied with a 
Z-scan method reported in Ref. 17. We found that laser-induced damage occurs at 
excitation irradiances (before the sample surface) of ~500 GW/cm2 (or ~60 mJ/cm2) or 
higher. All the Z-scans reported here were performed with the excitation irradiance 
below the damage threshold.  
 
5.3. Results and Discussion 
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Figure 5.1(a) illustrates Z-scan curves measured for the CdS NCs at two 
excitation irradiances (I00), where, I00 is denoted as the peak, on-axis irradiance at the 
focal point before the sample’ front surface. For reference, Z-scan was also conducted 
on a pure Nafion film under the same condition, and no nonlinear signals were 
manifested themselves. Hence, the observed Z-scan signals are attributed solely to the 
CdS NCs inside the film. Note that the Z-scan curves are imperfect; there are two 
background shoulders on either side of the signal, and the right one is more 
pronounced. This can be attributed to a poor surface quality of the film in which the 
CdS NCs are embedded. Such “parasitic” effects have been observed and can be 
eliminated by subtracting the low-irradiance background Z scan from the high-
irradiance one [5.15]. The inset in Fig. 5.1(a) shows perfect Z-scan signals after 
subtractions. For comparison, similar measurements were carried out on a 0.5-mm-
thick hexagonal CdS bulk crystal (Semiconductor Wafer, Inc.), as shown in Fig. 5.1(b), 
with laser polarization perpendicular to its c axis. To show the 2PA saturation clearly, 
we plot the reciprocal energy transmittance (T –1) as a function of the incident 











where w0 =24.4 ± 0.5 µm is the minimum beam waist (half width at e–2 maximum) at 
the focal point (z = 0), and λ the free space wavelength. Figure 5.2 displays two 
examples: (a) one for the NCs and (b) the other for the bulk crystal. 
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Figure 5.1 Z scans at different excitation irradiances (I00) for (a) the CdS NCs and 
(b) the CdS bulk crystal. The scatter graphs are experimental data while the solid lines 
are fitting curves obtained by employing the Z-scan theory [5-15] with saturated 2PA 
models described in the text. The inset in (a) shows the resultant Z-scan signals after 
the background subtractions together with the theoretical fitting curves of the original 
Z-scan data. 
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Figure 5.2 Nonlinear energy transmission and numerical modeling for (a) the CdS 
NCs and (b) the CdS bulk crystal, respectively. The filled circles are the plots of the 
measured reciprocal energy transmittance (T –1) versus the incident irradiance (I0). The 
solid lines are theoretical fitting by the use of saturated 2PA models mentioned in the 
text. The dashed (or dotted) lines are the theoretical variation for an unsaturated 2PA 
without (or with) the FCA effect. The insets show the density Ne-h (in 1017 cm–3) of 
two-photon-created electron-hole pairs versus the incident intensity I0 (in GW/cm2). 
The filled triangles are Ne-h derived from the experimental data. The dashed (or dotted) 
lines are the theoretical Ne-h for an unsaturated 2PA without (or with) the FCA effect. 
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Lami et al. [5.10] observed interband 2PA saturation in CdS single crystal and 










αα ,     (5.1) 
where )(2 Iα  and  are the intensity-dependent and low-intensity 2PA coefficient, 
respectively [5.10]. To simulate the reciprocal energy transmittance in Fig. 5.2, we 
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where α0 is the linear absorption coefficient, σa the free-carrier absorption (FCA) cross 
section, and Νe-h the free-carrier density generated by 2PA, which is governed by 
τ−ω
α=∂
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where τ is the effective relaxation time of the two-photo-excited free carriers, which 
includes the contribution from band-to-band recombination and band-to-defect 
relaxation in bulk crystals or band-to-defect/surface processes in NCs.  
In solving Eqs. (5.1)–(5.3), the incident irradiance of the laser pulse is assumed 









i −−= τ , where τp is the 
pulse duration (half-width at 1/e maximum). (Note that the irradiance in the above 
equations is the one within the sample. To relate the internal irradiance to the incident 
irradiance just before the sample surface, one should take Fresnel reflections into 
account.) The transmitted irradiance is numerically calculated and then it is integrated 
spatially and temporally to give the transmitted energy. To check the validity of our 
numerical model, we fit the data for the CdS bulk crystal. From the best fits to the five 
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Z scans recorded at I00 from 14 to 180 GW/cm2, the values of , and σ02α sI a are found 
to be 8.8 cm/GW, 6.2 GW/cm2 and 3.0 × 10–17 cm2, respectively. In the model 
calculation, there are three free parameters, namely (1) , (2) , and (3) σ02α sI a. 
However, the value of  was unambiguously determined by Z-scans at low 
irradiances of a few GW/cm
0
2α
2, where the 2PA saturation and FCA are negligible. Our 
 value is very close to the ones revealed by other reports [5.18-5.20].  02α
Lami et al. [5.10] have pointed out that the FCA effect is insignificant. Indeed, 
in Fig. 5.2(b), we observe the small difference between the dotted and dashed curves 
calculated with and without the FCA when the saturation intensity is set to infinitely 
large. It is obvious that the bending of the T –1-vs.-I0 curve is mainly dominated by the 
saturation of 2PA. The saturation intensity is 6.9 GW/cm2 when σa = 0; and 6.2 
GW/cm2 when σa = 3.0 × 10–17 cm2. (The σa  value used is consistent with the value in 
Ref. [5.20].) Therefore, the saturation intensity is measured in our experiments with a 
high degree of certainty. This measured saturation intensity is 1 order of magnitude 
smaller than 65 GW/cm2, observed at photon energy of 2 eV by Lami et al. [5.10]. 
This discrepancy is anticipated for the following reasons. (i) The density of states at 
3.2 eV (two photon energy used in our measurement) is less than that at 4.0 eV (used 
by Lami et al.), resulting in easier saturation by taking account of the difference in the 
density of states. (ii) The saturation intensity was determined by Lami et al. directly 
from an analytical analysis which is based on the intensity transmittance instead of the 
energy transmittance. In fact, we would have 15 GW/cm2 for the saturation intensity if 
we employed the same analytical method as Lami et al.. 
By comparison Fig. 5.2(a) to Fig. 5.2(b), it is evident that it is harder to saturate 
2PA in NCs than their bulk counterpart. Due to quantum confinement, electronic 
structures in quantum dots are much closer to atomic-like systems [5.21]. As the 
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particle size is reduced, a number of nearby states available at slightly different 
energies in the bulk are compressed by quantum confinement into a single energy level 
in a quantum dot. Therefore, the density of states is increased tremendously; and the 
saturation process of state filling should be much more difficult to achieve in the NC 
than in the bulk. The photon energy of the laser pulses was 1.6 eV in our experiments, 
which makes the two-photon energy nearly resonant for interband TPA between the Ph 
and Se states in CdS NCs [5.14]. Our study in previous chapter has shown the presence 
of inhomogeneously broadening (half width at half maximum = 19 nm), in the 
photoluminescence signal caused by the band-edge radiative recombination. Our 
analysis confirms that the inhomogeneously broadening is mainly due to the size 
dispersion (~13%) of the NCs. If we assume that allowed two-photon transitions occur 
between one atomic-like energy level in the conduction band and the other in the 
valence band, the transitions can be approximately treated as a two-level system. For 







αα  [5.11, 5.12]. 
In view of the fact that the CdS NCs studied are not uniform in size, we adopt an 










= αα .     (5.4) 
We analyze the Z-scan data on the CdS NCs in a fashion similar to the above 
discussion, except that Eq. (5.1) is replaced by Eq. (5.4). The best fit shown in Fig. 
5.2(a) indicates that  = 10.7 cm/GW, = 190 GW/cm02α sI 2, and σa = 2.0 × 10–18 cm2. 
Table 5.1 summarizes the nonlinear parameters used in the numerical simulation for 
both the NCs and the bulk crystal. The low-intensity 2PA coefficient for the CdS NCs 
is 10.7 cm/GW, which is in good agreement with the previous pump-probe 
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measurement of 9.5 cm/GW in chapter 4. If we convert the 2PA coefficient of 10.7 
cm/GW to the 2PA cross section, we will find that it is in the same order of magnitude 
as the results of Van Oijen et al. [5.7] and Chon et al. [5.8]. The FCA cross section is 
close to the value reported by Banfi et al. [5.22].  
In Fig. 5.2, we also numerically simulate the nonlinear transmittance in the 
following two scenarios: namely, (i) the dashed lines are calculated when both 2PA 
saturation and FCA effect are ignored, and (ii) the dotted lines result from switching 
off 2PA saturation only. But, no suitable nonlinear parameters could be found to 
account in the both scenarios for the experimental results. The insets in Fig. 5.2 show 
the variation of the on-axis average density of excited electron-hole pairs versus 
incident intensity, calculated from the number of absorbed photons. Again, the 
experimental variation departs from the expected variation when no saturation is taken 
into account.  
To investigate the phase variation of the laser pulses, closed-aperture Z scan 
technique was also performed on the CdS NCs. Figure 5.3 shows an open-aperture Z 
scan and a closed-aperture Z scan divided by the open-aperture Z scan. If the pure 
third-order nonlinear process is considered, the effective n2 value (3.0 × 10–4 cm2/GW, 
or Reχ(3) = 1.8 × 10–11 esu) should be extracted by using the standard Z-scan theory 
[5.15]. This result is smaller than that of the previous OKE measurement (5.7 × 10–4 
cm2/GW) in chapter 4. The discrepancy can be attributed to the different incident 
irradiances used. In the Z scan measurements reported here, a higher laser intensity of 
~ 165 GW/cm2 was used and therefore the free-carrier effect can not be ignored [5.23]. 
If we include this effect into the Z scan theory [5.16] with the  and n02α 2 values 
obtained from the Z-scan and previous OKE measurement, respectively, the free-
carrier refraction cross section (σr) can be determined to be –2.6 × 10–21 cm3. This 
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value is close to the results on CdSxSe1–x nanoparticles measured by Bindra et al. at 
high irradiance of 566 GW/cm2 [5.23]. It is interesting to note that the optical Kerr 
nonlinearity (n2) for the CdS NCs is positive at 780 nm but the free-carrier refraction is 
negative, consistent with the findings of Bindra et al. [5.23]. Note that in bulk 
semiconductors, free carriers (or free charged carriers) refer to electrons in the 
conduction band and holes in the valence band. For comparison reason, we adopt the 
same term for the NC case: it should be meant for excited electrons at Se states and 
holes at Ph states. 
Figure 5.4(a) and 5.4(b) show schematic diagrams of photo-dynamics for the 





, where τintra is the intraband relaxation time, τinter the 
interband relaxation time, and τtrap the trapping time by surface (or defect) states. The 
intraband relaxation times have been reported to be 140 fs [5.24] and 350 fs [5.10] for 
CdS NCs and CdS bulk crystal. The interband relaxation time and/or trapping times 
can be revealed by time-resolved pump-probe measurements. In our experiments, we 
used a cross-polarized, pump-probe configuration with 780-nm, 120-fs laser pulses 
from the same femtosecond laser system described previously. With the cross-
polarized configuration, any “coherent artifact” on the transient signal was eliminated. 
Figure 5.4(c) and 5.4(d) illustrate the intensity-dependent degenerate transient 
transmission signals (–∆Т) as a function of the delay time for the NCs and the bulk 
crystal, respectively. For the bulk crystal, the transient signals clearly indicate two 
components. By using a two-exponential component model, the best fits (not shown in 
Fig. 5.4) produce τ1 of ~ 120 fs and τ2 of > 100 ps. τ1 is the autocorrelation of the laser 
pulses used. The τ2 component is the interband relaxation time. As for the NCs, 
however, there is another recovery component with a characteristic time of ~ 1 ps. The 
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exact nature of this slow component is unclear. But it is in agreement with the 
observation of Klimov et al. [5.24], who attributed the 1-ps component to the trapping 
of photo-generated holes at shallow acceptor states of CdS NCs dispersed in a glass 
matrix. Klimov et al. also observed size- and intensity-dependent nonradiative Auger 
relaxation [5.25]. This Auger relaxation process is too long (compared to the intraband 
relaxation) to affect the effective relaxation time. From these studies, we conclude that 
the effective relaxation time is dominated by the intraband relaxation time since it is 
the shortest. Therefore, in our simulation for 2PA saturation, the effective relaxation 
time of 140 fs and 350 fs are used for the CdS NCs and the CdS bulk crystal, 
respectively. It should be emphasized that effect is insignificant in the simulation when 
τ is varied from 0.14 to 100 ps, since they all are greater than the pulse duration. In 
addition, we find the transient signals peaked at zero delay for both of the samples. 
The peak is mainly dominated by interband 2PA processes. As the pump irradiance 
increases, the peak increases nonlinearly, indicating of saturation. The 2PA saturation 
in the bulk crystal is much more pronounced than the NCs, consistent with our Z-scan 
results. 
Our observation confirms that it is much harder to saturate 2PA process in NCs 
than in bulk crystal. The magnitude of Is is 190 GW/cm2 in the CdS NCs while it is ~ 6 
GW/cm2 in the CdS bulk crystal. The saturation intensity in NCs can be quantitatively 




















∆= h     (5.5) 
where gk (gn) is the electronic degeneracy of the upper (lower) state, τp is the half width 
at e–1 maximum of the femtosecond laser pulse (τp = 72 fs), Ν0 the total concentration  
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Figure 5.3 Open-aperture (filled circles) and closed-divided-open (open circles) Z-
scans performed on the CdS NCs with 780-nm, 120-fs laser pulses at pulse repetition 
rate of 1 kHz. The excitation irradiance used is Ι00 = 165 GW/cm2 and the beam waist 




2 = 5.7 × 10–4 cm2/GW, σa = 2.0 × 10–18 cm2 and σr = –2.6 × 10–21 cm3. 






















 Time delay (ps)
  69 





















































Figure 5.4 Schematic illustration of two-photon-excited carrier relaxation in (a) 
CdS NCs and (b) CdS bulk crystal. CB and VB refer to the conduction band and 
valence band, respectively. The experimental data in (c) and (d) are the degenerate, 
pump-and-probe measurements on the CdS NCs and the CdS bulk crystal, respectively, 
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of the two-photon absorbers, and p(2ω) the probability of a homogeneous class of 
absorbers having a central frequency of 2ω. The quantity ∆ω is related to the 
dephasing time of the excitation, i.e., the width of the homogeneous line shape. In our 
previous study [5.26], we have found that the dephasing time T2 to be 2.9 fs, shown in 
Table 3.2 at chapter 3, resulting in ∆ω = 2π/T2 = 2.2 × 1015 s–1. The magnitude of p(2ω) 
is estimated to be 2.3 × 10–15 s from the size distribution of the NCs measured by our 
photoluminescence experiments and transmission electron microscopy in chapter 4. In 
our CdS NCs,  is 10.7 cm/GW determined by Z scan measurement and N02α 0 is 
estimated to be 8.4 × 1018 cm–3 as shown in chapter 4. If we assume gk = gn, the 
saturation intensity is calculated to be ~ 130 GW/cm2, which is good agreement with 
our experimental finding. Note that we have made an assumption of gk = gn in the 
above argument. For lower excitonic states, the values of exciton degeneracy factors 
(gk and gn) are in the range of 2 ~ 6. If these degeneracy factors are used in the 
calculation, the final result should not be altered significantly. 
 
5.4. Conclusion 
In summary, interband 2PA saturation has been observed in CdS NCs with a 
characteristic saturation intensity of 190 GW/cm2 at 3.2 eV, nearly two orders of 
magnitude greater than that of its bulk counterpart. Our observation is in agreement 
with an inhomogeneously-broadened, saturated 2PA model [5.11]. 
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Semiconductor nanocrystals (NCs) are among the most investigated materials 
for optical switching applications because their optical properties can be controlled by 
their size and because their large surface to volume ratio supplies a large amount of 
surface trap states to accelerate the recovery process [6.1].  
This thesis presents nonlinear optical investigations of near-resonant excitonic 
nonlinearity, non-resonant Kerr nonlinearity and two-photon absorption saturation in 
CdS semiconductor NCs which were dissolved in organic solvent or dispersed in free-
standing polymeric films. We have described in detail the experiments aimed at the 
measurement of the real part and imaginary part of the nonlinear optical susceptibility 
as well as photon dynamics of CdS NCs close to or below the bandgap. The results 
obtained by different techniques have been compared and discussed. All the important 
experimental findings are theoretically explained qualitatively or modeled 
quantitatively. In particularly, it is the first time, as far as we know, that the fifth-order 
excitonic nonlinear absorption close to the bandgap and two-photon absorption 
saturation below the bandgap were experimentally observed in semiconductor NCs. 
These results are very useful for nonlinear optical devices.  
The studies presented in this thesis have taken into account some significant 
findings of nonlinear optical properties in CdS semiconductor quantum dots. However, 
it is important to emphasize that the properties have been studied only at limited 
wavelengths. To fully understand the nonlinear optical mechanisms, a series of 
experiments should be conducted at broadband wavelengths. Furthermore, for optical 
switching applications, more research work is needed at the telecommunication 
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wavelengths of 1.3 and 1.55 µm [6.2,6.3]. Finally, the CdS NCs studied in this thesis 
have distributions in size, shape, and so on that lead to inhomogeneous spectral 
linewidths and blurry data. Working with single NC will dispense with the complexity 
of ensemble averaging and the coupling effect between different NCs [6.4]. 
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